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2A B S T R A C T
The experimental process for measuring the elastic and 
inelastic differential cross-sections for the scattering of 
helium-3 ions from 1^8, 150, 152 and 15^ Samarium isotopes at 
53 MeV is described. These results complement the data taken 
vith helium-3 on ^^^Sm, and vith protons and douterons on all 
the even Samarium isotopes at the same energy- The properties 
of the Samarium isotopes permit a study of the sensitivity of 
optical and collective model analyses on nuclei, whose character­
istics change from spherical and vibrational (A = l44) to the 
region of permanent deformation where the nucleus is rotational 
(a = 15^ ). These data are used to investigate the isotopic 
dependence of the optical model, particularly the recent folding 
models where an effective two-body interaction is folded in with 
the nucleonic density distribution.
The data are also used to test the nucleus-nucleus model or 
"double folding" model, where an effective interaction is first 
folded with the target density and then with the projectile density. 
The scattering of the incident projectiles, H^e, ^He, and
IGo, from Samarium isotopes is tested with this theory. The 
importance of using an effective interaction with the correct 
"saturation" properties is also shown. D.W.B.A. and S.C.A. analyses 
of the data are performed, and the need for coupling low lying 
states to the elastic scattering is shown.
3To my parents 
and my sister
4....'If I believe that there is no such thing as God and 
that my mental processes are determined solely by the 
motions of atoms in my brain, 1 have no reason to suppose 
that my beliefs are true...hence 1 have no reason to 
suppose my brain to be composed of atoms.'
J.B.S.Haldane (paraphrase)
....'hence every theory which makes the human mind the 
result of irrational causes is inadmissible, for it would 
be a proof that there are no such things as proofs.'
C.S.Lewis
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C H A P T E R  1
Introduction
1.1 Comments on Nuclear Structure Model Concepts
In the absence of any comprehensive theory of nuclear structure, 
there have been many attempts at providing various models which describe 
the general features of the nucleus, and which reproduce its nuclear 
properties and structural characteristics. Most models reduce the 
many-body problem of individual nucleons within the nucleus to a 
two-body problem where the nucleus is represented by a single potential. 
This idea of a central potential in which the nucleons are contained 
leads to the Independent Particle Shell Model, which by inclusion of a 
spin-orbit potential, successfully predicts the closed shells and those 
levels which have strong single particle characteristics. The liquid 
drop model reduces the nucleus to a one-body problem and describes all 
the static properties of nuclei. This model can be extended to deformed 
drops, as in the collective model which describes the vibrational and 
rotational aspects of nuclear structure. Combination of the essential 
features of the deformed liquid drop model and the independent particle 
model gives the Unified Model, where the nucleons are assumed to move 
in a common non-spherical potential. Excitations of individual nucleons 
and collective motions of the nucleus as a whole are considered.
The collective model (Bo 11) follows the assumptions of the shell 
model in that the nucleons fill the energy levels of the potential.
However, the closed shells form a nuclear core which Rainwater (Ra 01) 
used to offer an explanation of the large observed static quadrupole 
moments of odd-mass nuclei by suggesting that there was a polarising
13
effect on the remainder of the nucleus by the odd nucleon, and that 
this effect could give rise to a collective distortion of the shape 
of the nucleus.
The Optical Model, which is a development of the Independent 
Particle Model, deals with the effect of the central potential on the 
scattering and reaction of particle beams. It reduces to a two-body 
problem but in common with the other models introduces the central 
potential on an 'ad hoc' basis. This major criticisl of the nuclear 
models has been partially resolved by the reformulation of the optical 
model in which the central potential is derived from the nuclear 
density distribution and an effective nucleon-nucleon interaction.
This approach which goes some way towards removing the criticism of all 
previous models (i.e. that of a potential in which the particles move 
being produced by the particles themselves) has already been widely 
successful in explaining proton scattering (Gr 08). The extension of 
this approach to composite particle interactions shows in a dramatic 
way the limitation of the usual perturbation approximations and points 
out the areas where further development is needed. Light ion inter­
actions play a crucial role in the development of nuclear reaction 
theories which should cover the range from nucleon-nucleon to heavy 
ion-heavy ion cases. The examination of the limitations of the 
reformulated versions of the optical model using composite ion inter­
actions is of prime importance in the development of our understanding 
of nuclear structure.
1.2 The interaction of medium energy light ions with nuclei
The optical model has been used in recent years to fit angular
14
distributions of the elastic scattering of light ions from a conplete 
range of elements throughout the periodic table with great success 
(Ho OU) (Ho 05). This model, which treats the nuclear potential 
well as complex to account for elastic and inelastic scattering and 
nuclear reactions, also introduces a spin-orbit potential. Real, 
volume and surface imaginary and spin orbit Saxon-Woods shape potentials 
make up the phenomenological optical model potential, which also includes 
a Coulomb term. Energy dependence, (N-Z) dependence and A dependence 
has also been included by linear dependence of the depth of the poten­
tial based on the work of Perey (Pe 02).
Until recently, however, there have been some questions concern­
ing inherent ambig^ aities in the optical model and the energy and 
isotopic dependence of the optical'model potentials. Some ambiguities 
arise due to the large number of parameters in the simple optical model, 
such that they lose their simple intuitive meaning. Many results for 
proton scattering from a wide range of nuclei have been recorded in
references already given in this section and Green et al (Gr 07).
ÜThe optical model analyses of deute'ron scattering from various
f
isotopes has been of particular importance' in determining the spin-orbit 
force, since the deuteron has a ground state spin of 1.
The composite narticle scattering optical model analyses have 
provided considerably more scope for study of the nuclear physics.
Alpha particle and helium-3 scattering analyses have led to many 
ambiguities. The need for a surface term as opposed to a volume 
absorption term has been discussed (Wo 06).
Isospin and asymmetry dependence has been a feature of much 
interest for all incident projectiles. Thomas (Th ll) investigated
15
the isospin dependence for proton scattering from a range of isotopes. 
However, his analysis compared the respective real central depths.
Sinha (Si 09) showed that the change in volume integral was a better 
guide to any isospin or asymmetry dependence. Urone (Ur Ol) (Ur 02) 
performed analyses for asymmetry dependence using data of helium-3 
and triton scattering from a range of isotopes.
Discrete and continuous ambiguities in the real central part 
of the optical model potential for composite particle scattering have 
been discussed (Ca Ol). The problem of the continuous or valley 
ambiguities caused by the inability to determine unique values of the 
real central potential parameters has led to the concept of the const­
ancy of the volume integral per particle pair. The discrete ambiguity 
is caused by the phenomenological equivalence of discrete potentials, 
i.e. the asymptotic wave functions generated by equivalent potentials 
are identical, although the wave functions in the interior region may 
differ in the number of nodes for different potential strengths (Dr Ol). 
These ambiguities should be eliminated (Go 04) (Si 08) by measuring 
differential cross-sections at "sufficiently" high energies and 
"sufficiently" large scattering angles. Recently, the optical model 
family ambiguities have been resolved by analysis of data at high 
energies and extending to backward angles (Fu  09) (We 02) (Fu  07).
The energy dependence of the optical model has been investigated 
(We 03) (Ma 02) (Fu 09) with the conclusion that an energy dependent 
geometry in the phenomenological optical model was required. The 
energy dependence arises mainly from the exchange term, i.e. anti- 
symmetrisation of incident nucleons with respect to the nucleons in 
the target. This decreases with increasing energy.
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The depth of the spin-orbit potential is yet to be 
established for helium-3 scattering, although Fulmer (Fu 08) by 
analysing helium-3 scattering from a wide range of isotopes concludes 
that a spin-orbit depth of *^2 MeV is necessary.
The optical model for heavj^  ion scattering where the Coulomb 
effect is predominant is less well understood. The cross-sections 
can be fitted with many potential depths but the idea that the real 
central depth is approximately equal to the nucleon scattering central 
depth multiplied by the mass number A of the incident projectile 
is shown to be false. Parametrised phase shifts are sometimes used 
as an alternative to optical model potentials.
Meson-nucleus (Wi Oh) and pion-nucleus (Si 17) optical models 
have recently been introduced where the need for energy dependent 
parameters has been stressed.
The value of using different types of incident projectile 
is that they each show us a different region of nuclear structure.
The optical model works very well for protons. Douterons, with a 
large spin, have enabled many polarisation experiments to be performed. 
However, they are loosely bound and phenomenological models do not 
work too well. Alpha particles are very tightly bound and have no 
spin. They do not test the present models, any more than do protons 
(Ho 07). Helium-3 particles are the lightest complex particles.
With sufficient energy" they cause direct interactions to predominate. 
With heavier ions the complexity of the interaction mechanisms and 
the predominance of the Coulomb interaction makes the interpretation 
of their cross-sections more difficult.
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1.3 Motivations for Present Work
With the high intensity H^e beam of the Variable Energy 
Cyclotron, Harwell, and the high resolution of the Oak Ridge 
Isochronous Cyclotron Spectrograph it is possible to study H^e 
elastic and inelastic scattering on the Samarium isotopes at an 
energy sufficient to give a reasonable amount of structure to the 
cross-sections, and over a wide angular range, allowing unambiguous 
optical model analyses.
The present work seeks to extend the range of data avail­
able on the Samarium isotopes and to apply it to the study of the 
effect of deformation on current nuclear model predictions. Samarium 
isotopes occupy a unique place in the periodic table of elements 
ranging from a closed neutron shell (N = 82) for ^^^Sm which is a 
spherical and vibrational nucleus to the deformed rotational nucleus, 
^^ S^m, having ten neutrons outside the closed shell. The deformation 
increases with increasing mass of these nuclei. The particularly 
interesting quality that has been the subject of much study is the 
transition from vibrational to rotational nuclei at A = 150. The 
Samarium isotopes are the only suitable range of isotopes since ^^ S^m, 
^^®Sm, ^^ S^m, and ^^^Sm are all stable. Few or none of the
isotopes of neodymium (Z = 60), promethium (Z = 6l), europium (Z = 63) 
or gadolinium (Z = 64) are stable.
The energy levels of the stable Samarium isotopes are shown 
in fig. 1.1 (Nu 03).
Apart from the deformation properties of the Samarium isotopes, 
they also provide an opportunity to investigate A and N - Z  
dependence in the optical model.
18
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The use of helium-3 ions as incident projectiles complements 
the work done previously using proton (V7o 10) and alpha (G1 03) 
particles. The ^He, proton and alpha particle projectiles may well 
emphasize the importance of different regions of the nucleus and so 
comparisons are valuable, particularly in an attempt to determine the 
redistribution of the nucleons within the nucleus to accommodate the 
additional neutrons through the range ^^^Sm -
The comparison of the coupled channel analysis over the 
range of isotopes enabled a general undeformed optical potential to 
be obtained for the alpha particle analysis. The validity of such 
an approach with helium-3 particles is of intrinsic interest.
The detailed proton analyses allows helium-3 potentials to be 
produced from nucleon-nucleus potentials and this enables the latest 
reformulations of the optical model to be tested.
The transition from nucleon scattering and reactions to heavy 
ion scattering and reactions produce saturation effects which become 
evident first in helium-3 scattering. An understanding of helium-3 
particle scattering must therefore precede any real advances in heavy 
ion physics.
1.3.1 Previous Data and Analyses
The isotopic dependence of the optical model has been 
investigated recently using the range of even Samarium isotopes.
Woollam (Wo 10) has analysed 50 MeV proton scattering data and 
observed a decrease in volume integrals of the real potential and an 
increase in volume integrals of the imaginary potential with increasing
20
target mass. Trends in the geometrical parameters were observed with 
the diffuseness terms increasing with neutron number of the target, 
although the radius parameters remained constant.
Measurements have been reported for elastic and inelastic 
scattering of protons at l6 MeV (St 19) and 30 MeV (La 02) and 
deuterons at 12 MeV (Ze Ol) (Ch OV). However, these angular 
distributions, because of their low energies, lack sufficient structure 
in their angular distributions to facilitate a complete analysis.
Analyses were also performed by Glendenning et al (G1 03) 
for alpha particle scattering from the Samarium isotopes. The optical 
model parameters show a dramatic decrease in real potential from 
l^GSm to ^^ S^m, and an accompanied increase in the diffuseness 
parameters. They found that contributions of strong collective states 
to the optical potential were removed by treating them explicitly in 
the SCA formalism. Thus it was possible to describe alpha scattering 
from all the isotopes with the same optical potential, providing the 
deformation parameters were suitably adjusted.
Woollam (Wo 09) has measured the elastic and inelastic scatter­
ing of helium-3 ions from. and analysed the data using the
regular and reformulated models and the DWBA and SCA.
Carbon, ^^ C, and oxygen, ^^ 0, elastic scattering at 
130 MeV from ^^^Sm and has been performed by Friedman (Fr 05).
The data for ^^ 0 elastic scattering which extends to 50° is fitted 
using optical model parameters showing a decrease in real potential 
and increase in radius parameter for increasing target mass. Similar 
effects are seen in the same work for the optical model parameters 
fitting ^^ 0 elastic scattering from the Neodymium isotopes ^^ ‘^Nd, 
and ^^ ®Nd, where a decrease in the imaginary potential also 
occurs for increasing target mass.
21
1.V Thesis Summary
This thesis describes the measurement and analysis of elastic 
and inelastic scattering of 50 MeV helium-3 scattering from Samarium 
isotopes. Chapter one covers the general problems in the field and 
the motivation for the research.
Chapter two describes the theoretical considerations of the 
nuclear structure models, particularly the optical model and the 
collective models, and shows in a simple way the steps which enable
the folding model, the D.W.B.A., and the coupled channels approach to
be derived.
Chapter three describes the measurement of the elastic and 
inelastic differential cross-sections of helium-3 scattering from 
and at 53.H MeV on the variable energy cyclotron
at Harwell, and helium-3 scattering from ^^^Sm and ^^^Sm at
53.1 MeV on the Oak Ridge Isochronous Cyclotron, Oak Ridge, Tennessee.
The design of the experiment is discussed with particular reference 
to the absolute and relative errors.
The analyses of the elastic and inelastic scattering angular 
distributions are discussed in chapter four. The simple optical model 
parameters are obtained for helium-3 scattering from Samarium isotopes.
An attempt is made in the reformulated model of Greenlees (Gr 08) to 
obtain the mean square radii of the two-body force (Yukawa) and the 
matter distribution uniquely. The fits to the inelastic scattering 
using the D.W.B.A. are shown and the corresponding deformation para­
meters are obtained. A coupled channels analysis is performed, coupling 
all the levels which have had data extracted for each isotope. A 
comparison of D.W.B.A. and coupled channels analysis is discussed.
The more recent reformulations of the optical model (Th 12)
(si 15) (si 13) are discussed in chapter five, and the limitations of
22
these models are investigated, particularly with respect to the 
nuclear density used for the folding process and the subsequent 
shapes of the real and imaginary form factors. In particular, 
two models ; the H^e - 3 parameter model and the nucleus-nucleus 
model are discussed, and the nucleus-nucleus model is also used 
to determine the microscopic real and imaginary form factors 
produced for alpha, and ^^ 0 particle scattering from
Samarium isotopes.
The conclusions of this work, concerning the additional 
information obtained about the nuclear structure of Samarium 
isotopes, the effect of (N-Z) dependence in the optical model, 
various models’ ability to cope with helium-3 scattering from 
both vibrational and rotational isotopes, and the first really 
critical tests of the recent reformulated models are discussed 
in chapter six.
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C H A P T E R  2
Theoretical Considerations
Introduction
In this chapter the stages of the theoretical bases for the 
current nuclear structure models will be derived. The history of 
the optical'model and its limitations will first be sho-vm. By 
considering the stages from the time independent Schrodinger 
equation, the Lippman-Schwinger equation, and the 'T’ matrix, 
the basis of the present reformulated and folding models wi^l be 
presented. The essential features of the reformulated optical model 
is the replacement of the empirical potential by a summation of 
nucleon-nucleon forces over the whole nucleus. This has been done 
in terms of the density distribution in the nucleus and an effective 
nucleon-nucleon interaction. The extension of the folding models to 
composite particles will also be considered.
The cross-sections for the process of inelastic scattering may 
be calculated by a perturbation theory expression. In some cases, 
liowever, perturbation theory is not sufficiently accurate, especially 
when there is strong coupling between the elastic, and inelastic 
channels. The coupled equations for the wave functions in all reaction 
channels will be derived, and the perturbation theory will be shown 
to be a weak-coupling limit in which the transition amplitude is 
proportional to the radial derivative of the optical potential causing 
elastic scattering. The deformation parameter, 3 > will be derived 
from this proportionality.
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2.1 The Simple Optical Model
The main feature of the optical model is that the many-body 
problem of scattering of a nucleon or group of nucleons from a 
complex nucleus can be approximated by a two-body problem where the 
basic interaction between the incident particle and target nucleus 
is represented by a potential which depends only upon the distance 
separating the centres of the two bodies.
The Schrodinger time independent non-relativistic equation is 
then given by
(E - V(r))<p = 0 2.1.1
where E is the centre of mass energy, y is the reduced mass and
V(r) is the optical potential.
The following brief historical outline shows the development 
of the phenomenological local optical potential:
Bethe (Be 06) replaced target nucleus by real potential well.
Ostrofsky, Breit and Johnson (Os 01) considered a complex potential to 
account for absorption of incident nucleons.
Bethe (Be 08) showed the single particle approach was valid at higher 
energies.
Le.Le.vierand Saxon (Le OV) employed a complex square well.
Chase and Rohrlich (Ch 02) showed square well gave too much scattering.
Woods and Saxon (Wo 05) proposed a complex potential well with a diffuse 
edge which took the form
1 + exp(r-B^)/a)> ’
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Fermi (Fe 02) suggested a non-central spin-orbit potential.
The surface component of the imaginary potential was achieved 
by taking the first derivative of a volume form factor. At low 
energies, less than 10 MeV , the absorption is expected to be low 
due to the Pauli principle, and at high energies, greater than 
100 MeV , the absorption is expected to be low because of the short 
wavelength. The maximum absorption occurs at energies ^  50 MeV 
where the centre of the nucleus is black.
A coulomb scattering term must be added to the nuclear 
scattering terms to obtain the total scattering potential. The shape 
of this potential has been determined by electron scattering measure­
ments (Ac 02), but most analyses have used the relation = 1.25A ^^fm 
to give
V,(r) = - f ^ )  r < R, 2.1.3
c c
V (r) = r > Rc r c
where Ze and ze are the charges on the target nucleus and incident 
particle respectively.
Thus the phenomenological optical model was written as
df (r)
U(r) = V^(r) - V^f^(r) - iW.^ f^ (r) + kia^W^ — ^ —
n 2  ^ df^(r)
+ V ( —  ) - — I  Z.a 2.1.4s m e  r d r ---
IT
where
(r^  - R.) T
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and
It is necessary to describe mathematically an incident beam together 
with outgoing particles. The wave function describing an incident
o \ '  S f> y U t /A  n t u l " r o l  p c c r t x l * .  &
beam(is the plane wave.
cf)j^(r) = exp ik.r . 2.1.5
The wave function describing the/[scattered particles is the spherical 
wave, *'
= f(0.4) 2.1.6 •
where the cross-section is related to f(G,$) by
o(G,*) = |f(0 *)|2 . 2.1.7
At large distances the nuclear potential will be negligible, and since 
the total wave function satisfying the Schrodinger equation (2.1.1) 
must describe both freely moving incident particles and freely moving 
scattered particles we expect the boundary condition that,
j^ (r) exp(ik.r^ ) + f(0,#) exp(ikr) . 2.1.8
r
The quantity f(0,cf)) is called the scattering amplitude. Putting
U = 2yV/h^ and E = Ü^k^/2y and assuming that U = U(r) only then
the Schrodinger equation becomes
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(V2 + - U) = 0 . 2.1.9
Assuming independence of (j> (axial symmetry around beam) 
then it is reasonable to look for a set of solutions = ^ lr,cosG) 
since 0 runs from 0 to tt in spherical polar coordinates, hence 
given COS0 , 0 is determined uniquely. Thus a complete set of 
Legendre polynomials may be obtained
= j/^ (r,cos0) = I A^(r) P^(cosG) 
Z=o .
= I C i F (r) P (cos0) 2.1.10
&=o * r % S.
where are as yet undetermined numbers
are as yet undetermined functions.
Using the Laplacian operator
= &  + # I; + 1? A 2.1.11
where
Then substituting (2.1.10) into (2.1.9),
(iF?- + # I; + A + k' - V) I C, 7 = °
Z=o
2.1.12
hence
A Pj^ (cose) = + cote Pj,(cos0)
Putting X = COS0
Thus from (2.1.12)
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2.1.13
ilTe (sinG Ii2- + COSG |g)P^(cos8) 2-l.lA
* i î Ï 0 &  l e ]  2 . 1 . 1 5
: ; i E 0  l e  s i " ' ®  • 2 . 1 . 1 6
A Pj^ (cos0) = (I7 (1 - x2) l^)P^(x) 2.1.17
r
= (1 - x2)P%(x) - 2xP^(x) 2.1.18
which is similar to Legendre’s equation of order v
(1 - x^ ) - 2x -^ + v(v+l)y = 0 . 2.1.19
Hence
A P^(cos0) = - &(& + 1) P^(cos0) . . 2.1.20
2 .1.21
Since this is true for all 0 , coefficients of each P^ can be 
equated to zero
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[ê+ f  I 7  - + k 2 - u j  i  F^(r) = 0 2.1.22
hence
^xr) = 0 . 2.1.23
This is the radial wave equation, usually written
d^U (r) , X
  --- + (E - V(r)) - — ---— } U^(r) = 0 2.1.24
dr^  r^
where V(r) is the optical potential, at present ignoring Coulomb 
and spin terms, and the L(L +l)/r^ term is called the centrifugal 
barrier.
Quantum mechanics requires a particle to only occupy certain 
energy levels when bound in a potential well. This means that to 
find a solution of (2.123) V(r) must be known, but it is also what 
we are trying to find.
The problem is solved by
a) Solving the equation at large distances analytically (where the 
nuclear force is zero). The Coulomb potential is included for 
large distances as it has an infinite range.
b) Integrating outwards from the origin using a trial value of V(r) .
The two resulting values are then compared at some point in the region 
of the nuclear surface called the matching radius. The degree of 
mismatch enables a better V(r) to be calculated in the next iteration 
For each L value there can be several different solutions of 
the radial wave equation (2.143). This causes an ambiguity in the 
possible values of V .
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From the radial wave equation the amplitude for partial waves 
neglecting Coulomb and spin terms is (Ho 06)
f(0) = ^  I (2L + l)(e2^®L - 1) P (cose) 
2^ "^  L=0 ^
where the physical information is carried in the phase shift term 
Ô, due to the nuclear potential.Lt
A scattering matrix element is defined
and the absorption coefficient r\ is .
When the incident particle is charged there is a Coulomb term 
in the optical potential V(r) , and the analytical solution of the 
radial equation in the external region contains regular and irregular 
Coulomb functions.
When the incident particle has a spin >0 , then the optical
potential V(r) contains a spin orbit term. The spin of the incident
particle can couple in two ways with the orbital angular momentum L ,
and hence the corresponding radial wave equations give two solutions 
+ —
and for the two-spin orientations. The equations may be
solved to give scattering matrix elements and S for each L
value.
The differential cross-section depends on the spin independent 
and spin flip scattering ampltidues
A(0) = f^(0) + ^  I' {(L+1)S* + LSj^  - (2L+l)}e^^^L p^(cos0
L
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B(0) = ^  I .(8+ - p2(cos0)
L=1
where is the Coulomb amplitude and the Coulomb phase
shifts. The differential cross-section is then given by
f  = Ia P  + |b P
and the total reaction cross-section is given by
^  I  { ( L + D d - l S ^ P )  + L d - l s ^ P ) }
2.1.1 The Experimental Analysis
Numerical values for the parameters are inserted into the simple 
optical model equation (2.1.2) and the theoretical cross-sections 
computed. These parameter values are then systematically varied to 
find a set which minimises the quantity
T O’ -  0 . ,  2
A2---- = i y (-S2E--
pp N  ^  ^ «a 'exp
where o + 6o is the experimental cross-section and o.. the exp — exp ^ th
theoretical cross-section.
The philosophy of the optical model requires a smooth variation 
of the parameters obtained with nuclear mass and incident energy, 
although this is often not the case. This can often be explained by 
intrinsic ambiguities between the various parameters.
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When iterating over a set of parameters it is important to
start with physically reasonable potentials (taken from a previous
analysis) and associated geometries.
The first stage of the analysis is to normalise the elastic
scattering cross-sections by assuming that all forward scattering
is due to Coulomb scattering.
The central real potential is then adjusted to optimise the
fit to the differential cross-sections. The parameters are then
varied to obtain a well-defined minimum in . This in itself
PP
can present many problems because of the many localised minima in 
the multi-parameter space. There is an additional difficulty in 
location of all the local minima, which is the problem of ambig­
uities in the potential (see section 2.1.2). A search routine for 
parameter optimisation has been developed for electronic computation 
(Me 05).
2.1.2 Ambiguities in the Optical Model
In many cases, even with large quantities of experimental data, 
the optical model is unable to uniquely define a set of parameters.
The valley, or continuous ambiguities, can be defined by the
^ = constant relation. The physical interpretation is that 
although the individual depth and radius parameters of the real potential 
are not entirely independent, there is an overall volume integral of 
the potential which remains approximately constant, i.e. the following 
analytical expressions are derived for the volume integral and mean 
square radius of a Saxon-Woods potential.
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= # %R + 3 •
Also ambiguous 5 for composite particle scattering, is the choice between 
volume and surface absorption shapes.
Characteristic of strongly absorbed particles is an ambiguity in 
potential well depth (Gr 07). These discrete ambiguities give in 
helium-3 scattering sets of real central potentials varying from 50 MeV 
up to several hundred MeV, in steps of 40 MeV , which all give similar 
fits for elastic scattering. These ambiguities occur because scattering
t
of strongly absorbed particles is insensitive to the interior of the 
nucleus. The scattering is determined by only a few partial waves and 
the addition of multiples of 2 tt to these few phase shifts produces 
similar scattering angular distributions. As the energy and angular 
range of data is increased the increasing importance of a range of 
partial waves removes these ambiguities.
2.1.3 Limitations of the Optical Model
The model is really only applicable to large nuclei, A > 30 . 
In fact, however, the model has been applied to much smaller nuclei 
with quite successful results. The model describes gross features 
of series of nuclei, and so it is expected to have a smooth variation 
of parameters with A and E , and not to accommodate peculiarities 
of individual nuclei. Analyses, using the optical model, have been 
performed in an attempt to extract some systematic scheme of the 
variation of optical parameters with nuclear mass, incident energy, 
isospin and asymmetry.
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The model describes non-spherical nuclei in an average way. 
Nuclei with large distortions show a tendency to small radii and 
large diffuseness.
As further refinements were added to the model by the 
inclusion of additional parameters, its utility for describing 
reactions has been impeded and the physical interpretation of the 
meaning of the parameters has become less valuable.
2.2 Folding Models
r
'It has been sho'vm that the asymptotic form of the wave function 
in nuclear scattering is a plane wave and a scattered wave combination, 
viz.
ikr
< > = e^-‘- + f(0)    . 2.2.1
Schrodinger’s equation may be given as the eigenvalue equation
> 2 .2.2 
where E is the total energy of the system and H is the Hamiltonian
H = H^ + Kq + V 2.2.3
nuclear internal incident particles
states of nuclei kinetic energy
«0
unperturbed nuclear and 
projectile Hamiltonian.
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Lippman Schwinger (Li 05) showed that this could be used to derive
/  > = |n,K > + V 1/ > 2.2a
where for |n> = |o> nucleus is in its ground state and where
ik.r^
|n> = and |k> = e
If we define
t|o,k > = v|^+ > 2.2.5
then the T matrix equation follows, whereby
T = V + VGT 2.2.6
where G = --- . . ■ a Green's function, E - Hq + le
Quantum mechanically, the maxtrix elements of T are thus
<n,K'|T|0,K> = <n,K.'|v|0,K> + I <n,K'|v|ip>
i,P
2.2.7
E-E. -E +ie me  n
where the first term on the right-hand side of equation 2.2.7 represents 
the direct transition from the ground state to an excited state (n > O) 
or ground state (n = O). This term contains the information about 
elastic scattering events
< 0 , K ' | u | 0 , K >  = <K'|<0|u|0>|k> 2.2.8
OPTICAL
POTENTIAL
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If V is replaced by  ^ @ an effective interaction,
then
"opt = <0| % te(ro.ri)|0> ' 2-2-9
Hence
te(ro'fi) '•’o^  ‘
= Jp(r^) t^(rQ,r^) dr^ . 2.2.10
Hence t is an effective interaction based on the bare nucleon-nucleon e
interaction, and is a simplification of the nucleon-nucleon t-matrix.
2.2.1 First Reformulation
This model was proposed by Greenlees, Pyle and Tang (Gr 08), 
in which the real part of the optical potential was obtained from 
nuclear matter distributions and the nucleon-nucleon force. In order 
to calculate the interaction between the incident nucleon and the 
target nucleus they made two approximations:-
1) The wave function with respect to the exchange of the incident 
nucleon with a nucleon in the target nucleus was not anti­
symmetrised.
2) The effects of polarisation of the target nucleus by incident 
nucleons was ignored.
Kerman, McManus and Thaler (Ke 01) had shown that the real part 
of the optical potential may be written as
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V(r) = A J" t (Ir - r’I)p(r') dr' 2.2.11
where A - number of target nucleons
p(r') - matter density of nucleus
t(r) - spin-isospin average of the real part of the two 
nucleon effective interaction.
Using this potential in the reformulated optical model, Greenlees
et al showed that it was possible to derive such quantities as the mean
square radii <r^ > and <r^>, of the nuclear matter distribution, ^ m d
and the effective interaction.
r
<r^ > = <r^ > + <r^ > . 2.2.12R m d
The density distributions in this model were generated from the 
Saxon-Woods shape.
[ r - r A^ 1 -1 1 + e x p ( ^ ^ ) J  . 2.2.13
The effective interaction was taken to be a Yukawa.
The optical potential then was based upon the nucleon-nucleon 
potential having direct Up, isospin U^  and spin orbit U^ g 
contributions, hence
"opt = "D + "T + "L.S + "iMAG
"D = / %  "pp "np
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"d "d - ""ol 2.2.15
"t " O^z
IT = / _ i V 4ir 2n _d_ f 2(n-l) d ^
B-G ^ n=l (2n+l)! dr^ [ % 2 n - 3  %
+  p j  X  2  “ b s  ( B )  d n )
where u^, u^  and u^g contribute to the two-body interaction u^^ 
between the incident nucleon and a nucleon i in the target nucleus. 
Here the density distributions are related by, ^
PgCr) = Pp(r) + p^(r) . 2.2.16
The incoming particle coordinate is r^  and its isospin component is
0^3"
u^ (r) was u^(r) where Ç = - 0.48 .
The imaginary term was calculated phenomenologically using a
Saxon-Woods form factor.
This reformulation is of advantage in so far that is
determined from electron scattering; u^ can be obtained from bound 
state calculations. Hence the potential only has 8 instead of 12 
parameters. These can be reduced to 3 parameters if the imaginary 
potential is derived from the real potential as described in section 
2.2.2.
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2.2.2 The Proton Reformulated Optical Model
The motivation of this work has been the desire to obtain a 
real part, and later an imaginary part of the optical potential for 
proton and composite particle-nucleus interactions from the 
nucleon-nucleon force. Hamada and Johnston (Ha 01) described an 
energy independent nucleon-nucleon potential comprising a central, 
tensor, linear and quadratic potential, and they assumed the 
presence of hard cores in all states, i.e. the potential increases 
to infinity as the internucleon distance tends to zero. They showed 
that their potential model represented both p - p and n - p data 
below 315 MeV .
The t-matrix for the two nucleon interaction is
t = V + vgv 2.2.17
where g may be the free Green’s -function, the scattering Green’s 
function or the bound state Green’s function
®free " E - + ic 2.2.18
„  =     —
^scatt E - H^ - Kg + IE
 1____________
^ound E - (K^+Vp) - (K^ +V^ ) + is
2.2.19
2 .2.20
The value of V is then a function of the summation of 
which can be approximated (Ke 01 ) to
1—JL
) 2.2.21
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which is known as the impulse approximation.
Thomas, 8inha and Duggan (Th 12) developed a six-parameter 
optical model in which the real central part was calculated by 
folding several effective nucleon-nucleon interactions into matter 
distributions. They used the effective interactions due to Negele 
(Ne 01), Pandharipande (Pa 01) and Green (Gr 06) for proton 
scattering from a range of nuclei, and later Sinha and Duggan (Si 10) 
used the Kuo-Brown effective interaction (Ku 04).
The feature in the Kuo-Brown effective interaction of being 
able to distinguish the first and second order optical potentials 
makes this interaction popular when generating composite particle 
optical potentials self-consistently from the nucleon-nucleus optical 
potential.
The Kuo-Brown Effective Interaction
Kuo and Brown (Ku 04) evaluated the G-matrix of equation 
2.2.6 using the Hamada and Johnston free nucleon-nucleon 
potential
V = Vg + • 2.2.22
For the even states of the Kuo-Brown force, the separ­
ation distance method was used (Mo 06) whereby the potential 
was divided into two parts, the short-range and the 
long-range parts. This enabled them to get round the 
problem of an infinitely repulsive core by choosing a 
separation distance so that the effect of the attractive 
part of the short-range potential balanced the effect of the 
repulsive core. Then what remained was essentially the 
long-range part of the potential.
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The singlet even and triplet even states of the Kuo-Brown 
force were then evaluated from
T^(r) = V^"(r) = 0.08(iy)(T^.T2)(a^.a2)Y(r)[l + a^^Y(r)
+ 2.2.23
- £  V2^(r)
= 0.08(iw)(T^.Tg)(a^.ag)Y(r)|^l + a^^Y(r) + b^^Y2(r)J 
" + a^Y(r) +
2.2.24
where y = 139.4 MeV = pion mass
"cs = 8.7, = 10.7, = 8.0, = -1.0
a = -0.5s h = 0.2
Z(r) = (1'+^ + |j)Y(r) and Y(r) = - ^  2.2.25
V^^ is the Hamada and Johnston long-range'tensor term.
hThe hard core radius was 0.343 —  .yc
The singlet odd and triplet odd states were calculated 
using the reference spectrum method, since these states are 
never attractive so the separation method cannot be used 
(Be 09).
Slanina and McManus (Sl l8) calculated the real parts of 
the central and spin orbit optical potential to first-order 
for proton scattering using the Kuo-Brown interaction. To
first order in the effective two-nucleon interaction, the 
real part was written (Ke 01)
V(r) = aJ i (|r - r'|) p(r’) dr’ 2.2.26
where A - number of nucleons in the target
p(r’) - the matter point density
t(r) - spin-isospin average of the real part
of the two-nucleon effective interaction.
From the Kuo-Brown force they assumed
tpp(r) =
• 2.2.27
Because they neglected exchange terms the direct term gave 
very little energy dependence.
The direct term of the reformulated proton optical model 
V^(r) was calculated hy folding the proton-proton and proton-neutron 
effective interactions into the proton and neutron point-density 
distributions respectively, giving
Vd(r) = J^ p (r’)t^  (|r - r’| )d3r’+jpj!r’ )t^ (^ 1 r - r’|)d3r’
2.2.28
where in general
tl(r) = ^ Vgj.(r) + ^  V^g(r)
PP
d
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A non-local exchange term was introduced, which arises from 
the antisymmetrization of the coordinates of the incident nucleon 
with those of the target nucleons (Ow 02)
Ve(r ,r' ) = J [Pp(r ,r ' )t®^ ( |r - r' | ) + P„(r,r' )t®^ ( |r - r'| )]
X  j g ( K r ) d 3 r g  2.2.29
where
A Blin Stoyle prescription (B1 10) was used for the spin orbit 
term, and the imaginary potential was calculated phenomenologically.
Sinha (Si 11) calculated the second-order nucleon-nucleus 
optical potential using a second-order perturbation formalism. He 
showed that the previous methods of simulating the second-order effect 
by using density dependent forces and approximate estimations were 
inaccurate for scattering, and that the second-order term was not 
negligible. The second-order term can be seen to« come from equation 
2.2.6, which may be re-written
T = V + VGV + VGVGV + ___ 2.2.30
where the second term is the second-order term hitherto approximated 
assuming G to be a constant energy denominator usually referred to 
as the "closure approximation". Using the impulse approximation, 
2.2.21, it is seen that
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tfree = ^ ■ 2.2.31
where using a constant energy denominator and the long-range part 
of the Kuo-Brown interaction
tfree = \  ^  ■ 2.2.32
which is essentially the procedure taken to obtain 2.2.24, and the 
effective interaction from 2.2.22 is written as density dependent
tfree " '^ eff ' 2.%.33
Now
G = E - H + ie
2.2.3k
= + in«(E - H)
so T may be written
T = V + ,V(P(j^) + iw6)V . . 2.2.35
1st order 2nd order imaginary 
real real
Tedder and Sinha (Te 03) have calculated the imaginary term 
by taking the imaginary part of the second-order term of the nuclear 
T-matrix and evaluating the imaginary part of G using a plane wave 
approximation. Sinha and Duggan (Si 10) (Si 11) have calculated the
45
imaginary part of the optical potential using the Kuo-Brown effective 
interaction, assuming that the absorption arises entirely from the 
forward scattering amplitude (sometimes referred to as the frivolous 
mode!!.). The two-body effective interaction used to calculate the 
imaginary potential has a finite range. The nucleus in this model 
is usually described by a Fermi gas model, and the local Fermi 
momentum is calculated using the Thomas-Fermi approximation.
The first-order optical potential within the framework of the 
impulse approximation in coordinate space may be written (Ke 01)
F(q) exp(i q . r^ ) ' 2.2.36
where q is the momentum transfer in the centre of mass system,
M(q) the free two-nucleon scattering amplitude and F(q) the Fourier 
transform of the nucleonic distribution p(r). The imaginary potential 
is assumed to arise from the imaginary part of the forward scattering 
amplitude, M(0) .
Then the imaginary potential W(r^) becomes
W(rp =
2.2.37
= ^  F(q) exp(iq.rp]
2" ” L  Ee{M(0)} J
since the imaginary part of M(0) is small compared to the real part, 
Hence Sinha and Duggan show that the imaginary potential can be 
expressed
W(r^) = - ^  2.2.38
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where
Peff(^l) = UR(r^) / .
UR(rj^ ) is the real part of the optical potential and is the
volume integral of the effective interaction.
Generalising the definition of the effective density to 
recognise the neutrons and protons separately one obtains
W(rp = 2 % Vp ^ 2.2.39
using the optical theorem. <o>^^ being the average total nucleon-nucleon 
cross-section inside the nucleus, and the velocity of the protons
inside the nucleus.
Summary
The 3-parameter Kuo-Brown proton optical potential can be 
formulated as
' ' J " )  +  " s o  " s o ( r )
where S^, S^  and S„^ are three normalisation parameters, and U n 1 bU K
is given by
Ug(r) = Vg(r) + Vg(r.r')
as given by equations 2.2.28 and 2.2.29. The direct and exchange parts 
of the real potential consists of a sum of first-order terms (singlet
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even) and second-order terms (triplet even and tensor forces). The 
exchange term contains the energy dependence term jg(Kr) where K 
is the projectiles momentum in the nucleus.
is given by equation 2.2.37, and Ug^ is the Blin Stoyle 
prescription for the spin orbit potential (B1 10)
= ^so fso(r) •
TT
2.2.3 The H^e Reformulated Optical Model
The approximate composite optical potential used in earlier 
analyses has been taken to be a value of A x , where A is the 
number of nucleons in the incident projectile, and the real
central depth of the proton potential. The derivation of the helium-3 
optical potential from the proton and neutron optical potentials.
lacks the correct emphasis on the second-order term, which becomes 
increasingly important as A increases. However', the Kuo-Brown 
effective interaction allows the second-order term to be considered 
in the H^e reformulation.
Samaddar et al (Sa 01) have calculated the optical potential 
for composite particles in terms of the optical potentials of neutrons 
and protons forming the projectile. The total Hamiltonian of a system 
consisting of helium-3 is
H = + Ty + Tg + + V23 + Y31 + Vi + Vg + V3
A
2,2.40
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where v^ j is the, interaction between the ith and jth particles of 
the projectile, is the interaction between the ith
particle of the projectile and the target consiting of N nucleons 
and the kinetic energy operator of the ith particle.
This may be written,
H = + I - ——  I + V + 2V + V + 2Vpp pn n p
2.2.41
where R = ^^r^ + r^ + r^ )
L  - 1*2
t  = ^3 - 2(^1 + ^2)
and r^, and r^ are the radial coordinates of the three nucleons 
constituting helium-3.
Sinha et al (Si I5) have used this approach in the development 
of a three-parameter optical model for helium-3 particles. Using the 
Feshbach formalism (Fe 03) (Fe 04) they developed the optical potential.
Ugp^(R,E) = PVP + PVQ(E'*' - QHQ)”  ^QVP * 2.2.42
where V = + 2V^ and P is the projection operator such that
Pf = Xg 2.2.1(3
where J is the eigenfunction of H and lÿ ^  and are the ground
state wave functions of the target and helium-3 respectively.
Q = 1 - P is given by '
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%  = I %n 2.2.44
Ht^O
The first term of equation 2.2.42 is
PVP = < to Xo'ZVp + VnlXo +0> ' 2-2. ^ 5
Defining
Gjj(E) = Q(E+ - QHQ)
where  ^ are the appropriate Hamiltonians for the proton and 
neutron target system. ^ are the corresponding projection operators 
So
G (E) = I G.(E-T. - T ) +  I G.(E - T. - T.) 
i=2p,n  ^  ^ ^ i=2p,n  ^  ^ ^
[V . + V, + V + 2v I ^J k pp py' | v , . v__ __|GH(e) .
2.2.46
Thus
PVG„(E)VP = < Vol. L  + v l
i=2p,n L  -1
2.2.47
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where E = E - T. - Terf j k
Samaddar et al (Sa 01) considered the second term of this 
equation to be small. Thus equations 2.2.1+5 and 2.2.4? constitute 
the total helium-3 optical potential. The one-body real potential 
is generated by folding in a Kuo-Brown effective interaction with 
the target nucleus density.
The H^e optical potential in terms of the optical potential 
of the constituent nucleons of H^e is given by
>P2’^
The motivation for using the Kuo-Brown interaction is that it 
is possible to distinguish between the first and second-order optical 
potential for the Kuo-Brown interaction which in turn makes it possible 
to generate composite particle optical potentials self-consistently from 
a nucleon-nucleus optical potential. The accuracy of this second-order 
term may also be critically tested.
2.2.1+ The Nucleus-Nucleus Model
The nucleus-nucleus models hitherto derived by folding a 
phenomenological nucleon-nucleus optical potential with the projectile 
density have neglected the saturation properties which prevent the 
nuclear density from increasing beyond a certain magnitude. The simple 
folding models used in previous work can be represented by
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- J  < XilGp^lXf >U =  .| |x^  2.2.48
i.e. folding a Gaussian interaction, G , into a target density, 
and hence into the incident particle wave function
U = /  G 2.2.49
where p^ was also taken to be a Gaussian shape. Hence the optical 
potential was written in terms of another Gaussian interaction which 
took into account the incident projectile density
U = /  G- p^ . 2.2.50
In this model the nucleon-nucleus optical potential is calculated by 
folding in a density-dependent two-body effective interaction, which 
takes into account saturation properties, with the target density. 
This potential is then folded in with the projectile density (Si 13) 
(Si 16).
The one-body optical potential at a point t relative to the 
centre of the target is
Ui(t) = J  r pi(gV^(|s|)airiV{p^(x) +P^(ç^+|)l d3ç^
i=p,ny L. — J
2.2.51
neglecting all exchange terms.
is Kallio-Koltveit interaction (La Ol) with associated 
parameters and 3^  .
p^ is the nucleon-density distribution measured from its 
centre, .
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Pmi is the target matter density evaluated at x = ^ (t + 
P^ 2 is the projectile matter density evaluated at 
(Kç, + ~/2) where ^  is the internal coordinate of the projectile 
and
-  ill
Expanding gives
+ 24 Pmziig) ' 2.2.52
U^(t) now has three components ^
U^(t) = U^(t) + p^((g) U^g(t) + v2 P ^ U ^ )  U^3(t) 2.2.53
where
and
=  V  [l - b "  P^(x)] d3 
- 9*2(12) "l2(t) = - PmzfigiVe' d3
V  = , I J  (|s|)a^ . ' 2.2.54
The first term contains no incident projectile density and so 
is similar to the simple folding model equation 2.2.50 using a 
two-body interaction instead of a Gaussian. The second term is 
repulsive, indicating the reduction in the one-body optical potential 
arising from the density-dependent part of the two-body interaction. 
Folding these equations with the projectile density the nucleus-nucleus
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optical potential as a function of R , the distance between the 
centres of the two nuclei becomes
a'Sg - j  "131 & - ■ 2.2.55
One of the advantages of this model is that can be
evaluated for a particular target without referring to any particular 
projectile.
This nucleus-nucleus potential allows any composite phrticle 
optical potential to be calculated, and hence enables the proton, 
helium-3, alpha and heavy ion data to be compared. This model does 
not include exchange effects and so it is expected to be more accurate 
for higher energy data.
The character of elastic scattering changes as one goes to 
heavier ions, where extremely perip^ral nuclear effects predominate 
and there is no penetration due to saturation effects. These effects 
are expected to be seen to a small extent in H^e scattering data.
2.3 The Collective Model
The collective model was introduced as an extension of the 
liquid drop model to explain the band structure of some nuclear states 
which demonstrated that not only do nucleons behave like single 
nucleons producing single particle states, but that they can act 
collectively to produce excited states of the nuclear core with 
vibrational and rotational characteristics.
5 i
This model makes provision for the deformation of the nucleus 
into a spheroidal shape. The shape of the surface in terms of radius 
R referring to an equilibrium radius F employ spherical harmonic 
expansions, which for space-fixed coordinate axes may be written
« = B %  L p  (0'*)] 2.3.1
or for body-fixed coordinate axes
where y or y’ range in integral steps from -X to +X , and are 
zero for axial symmetry in the z direction (polar axis). So if the 
nucleus maintains a permanent non-spherical shape while rotating, then 
Oxy vary with time even though the shape is fixed (i.e. a^ ,^ constant).
For ellipsoidal nuclei with quadrupole deformations (X = 2) 
there are two values a^^ and a^^ related to the deformation para­
meters 3^ and as,
a = 3y. COS Y 2.3.420 "D 'D
hence
Assuming the axis of rotation to be the z axis in the body-fixed 
system such that y’ = 0  then
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S  = 2.3.6
and
R = + V 2 0 ^ ® ' D  " ^ {l+(f")4pP2(cose')J
2.3.7
thus the departure from sphericity may be written
AR E E - R = E a2Q ' 2.3.
The 3^  parameter measures the net deformation of the nucleus, 
and the parameter dictates the type of resultant deformed shape,
e.g. Yp = 0 gives a prolate spheroid, while y^ = w gives an 
oblate spheroid.
A Nilsson ellipticity parameter (Ni 02) was introduced.
«D = 2-3.9
for an ellipsoidal nucleus with major semiaxis a and minor semiaxis b 
with mean radius R .
From 2.3.7
f
a = R [1 + and 8 = R [1 - ]
2.3.10
and hence.
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The magnitude of the electric quadrupole moment, determined 
spectroscopically, gives an indication of the shape and extent of 
asymmetry. The quadrupole moment of a homogeneously charged ellipsoid 
is
P ||__
Qçj = - Ze(a2 - b2) = - Ze 6^ 2.3.12
or substituting equation 2.3.10, the second-order term is obtained
«0 = ®d] • 2.3.13
Qq in this expression constitutes the intrinsic quadrupole 
moment, assuming the symmetry axis is aligned in the direction of the 
nuclear spin J . Its relation to the actually measured Q is 
(Ma 04)
with J = K, K + 1 ..., where the ground state quadrupole moment is 
given by setting K = J
Q , = J(gJ - 1) Q„ . . 2.3.15
® (J + 1)(2J +3)
The value of may also be derived from the probability for E2
transitions within a rotational band, where the reduced transition 
probability
B(E2, 4- 2"^ ) = e2 . 2.3.16
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Equations 2.3.11, 2.3.12 and 2.3.16 relate B(E2), Q ,^ 3^  and 6^  
such that
B(E2) = ^  z3 (0.946 $p)2 . 2.3.17
2.3.1 Rotational and Vibrational Nuclei
The reason for some nuclei being spherical and vibrational,
whilst others are deformed and rotational, can be seen by considering
the possible ways that the nucleons can* couple, and the resulting
/
equilibrium shapes favoured by the coupling schemes. The first is 
favoured by the short-range inter-nucleon forces which tend to couple 
nucleons in pairs to J = 0 configurations to produce a spherical 
equilibrium shape. The second is favoured by a tendency of each 
nucleon to align its orbit with the average field produced by all the 
other nucleons to produce a deformed equilibrium shape.
For a closed-shell nucleus, all j-shells of single particle 
orbitals are either fully occupied or completely vacant, and the 
density distribution is spherical. The aligned coupling scheme now 
says that if nucleons are added to the next empty j-shell the density 
distribution will be concentrated in the equatorial plane or the polar 
axis, depending on whether the first nucleon was put into the m = j 
or m = Î orbit, i.e. whether the j of the nucleon has a maximum 
or minimum projection on the symmetry axis. This non-spherical field 
attracts other nucleons to align their orbital planes with the equator 
or polar axis, in as much as they are allowed by the Pauli principle 
producing oblate or prolate spheroids, respectively. When the field 
becomes deformed, the total angular momentum, j , of a nucleon
r 8
ceases to be a good quantum number, and the wave functions spread 
over a number of j- orbitals. In this way the effect of the 
Pauli principle can be minimized and very large deformations estab­
lished as in rare earth nuclei. The aligned coupling scheme makes 
no attempt to ensure that the total angular momentum of the system 
should be a good quantum number, and it does not, therefore, describe 
a stationary state of the nucleus. Thus, the deformed nucleus must 
rotate in such a manner that its rotational angular momentum couples 
with the intrinsic angular momentum.
The field producing forces make no provision for spherical 
nuclei, other than those with doubly closed shells. A simple explan­
ation for the stable spherical shape found in many nuclei is given 
in terms of the short-range interaction. Two particles assumed to be 
moving in time reversed orbits approach each other twice in every 
orbit. If there is a strong short-range interaction between them, 
they frequently scatter into new time reversed orbits. Thus, they 
rapidly spread over all angular space to provide a spherical density 
distribution. In even-even nuclei the ground state is invariably 
J = 0 . The Pauli principle, however, prevents more than two particles 
coming very close together. Thus, a number of particles must be 
coupled pairwise to J = 0 . The spherical equilibrium shape for 
vibrational motion may be represented by the dynamic deformation para­
meter such that
R(e) = Ro( 1 + I ?2o(G))
The nucleus may be considered to have one or more vibrational 
quanta, or phonons, of energy , angular momentum Xb , and parity
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(-1)^ . The lowest level is caused by a X = 2 (quadrupole) 
phonon. Vibrations with X = 0, and X = 1 are due to density 
oscillations of the spherical nucleus, and motions of the centre 
of pass of the nucleus, respectively.
2.4 The Application of the Collective Model in Inelastic Scattering
D.W.B.A. predictions in the framework of the collective 
model enable values' of the deformation parameter 3 and angular 
momentum J to be found. The assumption here is that the'collective 
states are only weakly coupled to the elastic scattering channel, so 
that the incoming and outgoing waves are distorted by the same 
potentials as the elastic scattering interaction, the latter being 
unaffected by the inelastic scattering process.
However, this is not always a good assunption, indeed the 
successes of the D.W.B.A. with its over simplifications are often 
quite surprising. Pickup (Gr 09) and stripping (Sh OT) (We Ol) 
reactions with incident H^e particles have been found to be inadequately 
described by the D.W.B.A.
It is often necessary to explicitly include dominant inelastic 
channels in the calculations. This technique, known as the strong 
coupling approximation (SCA), couples highly excited states to the 
elastic channel resulting in a series of coupled radial equations being 
derived from the Schrodinger equation.
The coupled equations' formalism will be shown in 2.4.1., and 
the D.W.B.A. special case of coupled equations will be illustrated in
2.4.2.
60
2.4.1 The S.C.A. Approach
In D.W.B.A. the distorted wavefunctions for the incoming 
and outgoing particles are generated using the optical potential 
which describes elastic scattering, and the effect of the 
non-elastic channels is taken into account through the imaginary 
part of the optical potential. If, however, one or more inelastic 
channels are strongly coupled to the elastic channel, it is not 
sufficiently accurate to take them into account through the D.W.B.A.
In S.C.A. the elastic scattering and the reaction channels 
under consideration are treated explicitly, while the remaining 
reaction channels are taken into account by an imaginary potential, 
as in the simple optical model. Treatment of a collective 2* 
level was described by Buck (Bu l4). Extensions of the calculations 
to higher excited states have been made by Buck (Bu 13), Buck et al 
(Bu l4) and Tamura (Ta Ol).
The Schrodinger equation for an interaction between an 
incident projectile and target nucleus is
T - V(r,Ç) + H(Ç) i(r,î) = E gr,() 2.4.1
where the nuclear states X^(() are defined by
H(Ç)X^(Ç) = . 2.4.2
The X^(^) form a complete orthonormal set so that the total wave- 
function of the system may be expanded to give the sum of the 
vavefunctions for each channel
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±(r,Ç) = I i)'^ (r)X^ (Ç) . 2.4.3
a
Using these equations and integrating over the nuclear coordinates 
Ç gives
N
(T-E+£^) = I V^^,(r) 2.4.4
0=1
where
V„„,(r) = J  X*(S) V(r,Ç) X^,(ç) dC . 2.4.5
The angular coordinates may be removed from these equations by the 
usual partial-wave expansion
= I ^ 5 ^  7^(6,*) . 2.4.6
LM
Equations 2.4.4 and 2.4.6 yield
o'fo
2.4.7
where
\.,(r) = 1 ?  I ï“ ',*(e,^)V^^,(r)Y“(e,,j,)dn 2.4.8
LM
where the relations 2.4.7 constitute a set of coupled equations for 
the wavefunctions in the elastic and all the inelastic channels in 
the reaction under consideration. In practice, these equations are 
truncated, and to allow for the effect of all channels not taken
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into account explicitly by letting be complex.
2.4.2, The D.W.B.A. Approach
The D.W.B.A. theory has been well documented elsewhere (G1 02),
(Ba 03), (Ki 02), (Ja Ol) and by Hodgson (Ho 06) whose treatment of 
the D.W.B.A. will be illustrated here.
Considering the reaction in which particles are incident in 
channel a , and outgoing in channels a’ , as well as the incident 
channel, the matrix element is defined as the amplitude of
the outgoing wave in channel o' when a wave of unit amplitude is 
incident in channel a . Thus the asymptotic forms of the waves are
♦“(r) -  _ g ^^(Kr-iL^) 2.4.9
a OCX
and
2.4.10
where the radial wave function #^^r) satisfies the radial wave equation 
obtained from coupled channels theory
^ 4 ^  + "2 - W“^(r) } *«(r) = I 2.4.11 '
Of o ’
Now, consider the reaction when particles are incident in channel 3 . 
Then,
} +:(r) = 2.4.12
These equations may be rearranged to give 
L(L+1)
a -a
and
■ { fe- - - W®^ (r) } *B(r) - I W^ ,^(r)4.^ ,(r)
a'=a,3
Hence
a aa' o' a aa 'a0 a
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= 2.4.13
= WQg(r)*g(r) . 2.4.14
+a(r) &  6
= *%(?) *g(r) - <|)“(r) W^^(r) *g(r) 2.4.15
assuming
*n(r) I 4v%(r) = I *f,(r) . 2.4.16
Integrating from 0 to « and using the asymptotic forms 2.4.1 and
2.4.2 for the radial wave equation gives for 2.4.7. L.H.S.
= - 8goe+X(ike-% - ikS^„e«) - (e"* - (-ik)S^^e"^
= 2ikS_ 2.4.17pa
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where
X = i(Kr - ILtï) .
Now for 2.4.7 R.H.S. it is assumed that the inelastic channels are 
weakly coupled to the elastic channel so that #^^r) << • Thus
S a  = &  j *a(r)^ O
And since this is true for all channels 3 ,
' /
= ■ 2Ïk Î C *a(r) 2.4.19Jo
where L + M show that matrix element refer to a particular partial 
wave. The total inelastic cross-section is now given by
V -  = • 2.U.20
From 2.4.5, 2.4.6, and 2.4.14
Sa- = A  /  4a'(r) Vaa'(r) ^  ' ^.4.21
The correlated modes of motion of the nucleons produce a static 
deformation of the nucleus which is parameterized in terms of the radius
R(0,(f.) = Rq(1 + I . 2.4.22
LM
The deformed potential V(r (0,(}))) expanded about r = R^ gives
6 5
V(r-R(0,f)) = VCt-Rq) - V(r-RQ)6R + 1 1 ^  V(r-RQ)6R2 ...
where 6R = R_(I g^ Y^ G.cf.)) . 2.4.23
° LM ^ ^
The first term in the expansion is the undeformed optical potential 
giving rise to the elastic scattering. To first-order the inelastic 
transitions arise from the second term.
2.5 Forms of Analysis
V
The data for helium-3 elastic scattering from the Samarium 
isotopes was analysed using the regular optical model and reformulations 
of it, and the data for the helium-3 inelastic scattering was analysed 
using the collective model, both D.W.B.A. and Strong Coupling Approxim­
ation (SCA).
The regular and reformulated optical model due to Greenlees (Gr 08) 
einalysis was performed using the computer code RAROMP (Py 04). This 
programme enables both depths and geometry parameters to be searched 
upon to obtain the best minimum fit of the theoretical curve to the
elastic scattering data. The programme has facilities for coulomb, real, 
surface and volume imaginary, and spin orbit depths and associated 
geometries. For the reformulated optical model analysis, the matter 
distribution or the neutron and proton density distributions may be 
parameterised to give a Seixon-Woods shape density. There are facilities 
for using either a Gaussian or a Yukawa interaction as the effective 
two-body interaction, and the mean square radius of this interaction 
can be specified. When using the regular optical model analysis the 
ambiguity between the real depth and real radius parameters, namely that
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= const 2.5.1
in effect means that these two parameters cannot be varied simult­
aneously. There is also an ambiguity problem in the family of 
parameters which best fit the angular distributions. The particular 
family of parameters which will give the best fit is largely deter­
mined by the starting parameters.
The D.W.B.A. analysis was performed using the computer code 
DWUCK (Ku 03). The distorted waves are generated from the optical 
potential obtained using the optical model parameters from the 
simple optical model analysis. For inelastic scattering the form 
factor for the transfer of angular momentum L is represented by 
the derivative of the optical potential. The fits to the inelastic 
scattering data of the cross-sections generated by DWUCK determine 
the deformation parameters for the nucleus according to the relation 
(Jo 02)
an = c I 6% (0) 2.5.2
where a. is the cross-section calculated by DWUCK and C is a L
normalisation factor.
The S.C.A. analysis was performed using the computer code JUPITOR 
(Ta 01) (Ta 02) which was modified by H. Rebel and G. W. Schweimer at 
Karlsruhe (Sc 05) (Re 02). This programme included a parameter search 
routine with an improved treatment of the rotational model.
The microscopic optical model analyses were performed using 
progreimmes written by Sinha (Si l4) and arranged by the author.
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C H A P T E R  3
The Measurement of Helium-3 Scattering Cross-sections from Samarium 
Isotopes at 53 MeV
Introduction
This chapter will describe the experiments performed on the 
Variable Energy Cyclotron, Harwell, and the Oak Ridge Isochronous 
Cyclotron. Brief descriptions of these machines and their major 
facilities will be included, and the design of a nuclear physics 
experiment will be discussed.
The electronics will be described together with the cali­
bration and setting up procedures.
The methods of data taking and data reduction will also be 
discussed in detail here, and the analysis of these data will follow 
in subsequent chapters.
3.1 AVF or Isochronous Cyclotrons
The AVE or Isochronous Cyclotrons were introduced to over­
come the difficulties due to relativistic and focussing problems 
with the original cyclotron and the low intensity limitation of the 
synchrocyclotron.
The isochronous cyclotron was developed possessing an 
azimuthally varying magnetic field, so that particles traverse regions 
of field which are alternatively greater than and less than the mean 
field. Thus the radius of trajectory changes in these regions becomes 
respectively greater than and less than the mean radius. In the 
Harwell Variable Energy Cyclotron the ridge between high and low fields
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is deliberately set at a constant angle to the particle motion. The 
axially deflecting forces are strong and the ridges spiral from the 
centre to the outer edge of the magnet gap. Thus the angle at which 
the particle approaches the edge oscillates, i.e. first positive and 
then negative with respect to normal. The resultant effect of this 
varying field is focussing.
3.2 The VEC at AERE Harvæll
The VEC belongs to a family of machines known as ’’sector 
focussed cyclotrons', of which there are approximately forty 
operational in the world. This particular machine is extremely 
versatile, being capable of accelerating many different ions to an 
energy which can be varied over a wide range by changing the machine 
parameters. The VEC machine is capable of producing beam currents 
for helium-3 beams of up to 2yA on target,which facilitated the 
data taking at backward angles where the cross-sections for helium-3 
elastic scattering from Samarium were very small. The plan diagram 
of the VEC is shown in fig 3*1 (La 03).
The magnet ridges are in a spiral shape to give an azimuthal 
variation adequate to provide focussing for 50 MeV protons. The 
frequency is varied by moving the shorted end of the radio frequency 
cavity to an appropriate position (A1 05).
Ions of the type required are produced in the arc discharge 
at the centre of the magnet gap. They are accelerated to the required 
energy by an alternating radio-frequency electric field being 
constrained to move in spiral paths by the magnetic field. When they 
achieve the desired energy they are pulled out by an electrostatic
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Fig 3,1 Photograph of the general layout of the V.E.C.
P
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extractor after which they travel down evacuated pipes, through 
bending and focussing magnets in the beam optics system and into 
one of the target rooms.
The variable energy cyclotron has magnet poles of 70 inch 
diameter with twenty-one independent ’trim' coils. The mean 
magnetic field at maximum energy is 17 kilogauss and the maximum 
power dissipated in the magnet and trim coils is 600 KI'T. The 
machine has facilities for varying the RF frequency range from
7.6 - 23 I-îHz with a maximum RF power of 200 KW. The machine oper­
ates at an internal pressure of 2 x 10”° mm Eg, and vacuum trips 
are installed in the event of any vacuum leaks, especially in the 
scattering chamber of the user.
The cyclotron has the capacity for producing 50 MeV protons 
and other ions with a maximum energy of 86Q^/A MeV (atomic weight 
A, charge Q).
The particular quality of this machine is its ability to 
produce l800n A of %e beam at 53.4 MeV on target, thus enabling 
back angle data to be taken efficiently. However, the resolution 
required for %e scattering from the rotational nuclei of the 
Samarium isotopes in order to separate out the first excited state 
precluded its use for these experiments.
3.3 Beam Extraction and Transport
As the circulating beam approached the outer radius it passed 
a septum. The final beam intensity obtained was limited by the power 
dissipation on the septum. The turn separation at the extraction 
radius is ^0.75 mm, hence the cyclotron extractor intercepts several
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orbits of the internal beam. Thus the unanalysed beam contained 
particle energies over a small energy range. This was reduced by 
magnetically analysing the beam with the bending magnet and separ­
ating the particles of different momenta with the analysing slit 
sb B.
Beyond the separator was a high radial electrostatic field 
and magnetic channel which deflected the beam out into the beam 
pipe.
The Beam Transport of the Variable Energy Cyclotron is shown 
in fig. 3-2. After extraction from the cyclotron the beam passed 
through a steering magnet which corrected the alignment of the 
extracted beam. Two short focal length quadrupoles and
produced horizontal and vertical focussing of the beam onto the 
entrance slit (slit box A) of the bending magnet. The beam then 
passed through the exit slit (slit box B). Slit box A and slit box 
B had slits of width O.OU and O.O6 inches, respectively.
Quadrupoles and were left unconnected since it had
been shown that these focussed the beam onto the switching magnet, 
thus reversing the dispersive effect of the bending magnet and 
worsening resolution. The switching magnet directed the beam along 
beam line 5 through two more quadrupoles, and Q^ , which focussed
the beam onto slit box 1. Further quadrupoles, and Qg, and
a steering magnet which adjusted vertical and horizontal directions 
of the beam, focussed the beam onto slit box 2 and hence through the 
antiscattering baffle. The beam then entered the scattering chamber
and interacted with the target. The main Faraday cup monitored the
quantity of beam current through the target.
Beam probes were used to monitor the beam in the cyclotron, 
and slit boxes along the beam line were used to monitor the beam
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Fig 3*2 Beam Transport System of the V.E.C
(not to scale)
b a Two back angle detector ports
b m Bending magnet
d p Diffusion pump
f a Forward angle detector range
f c Faraday cup
g V Shut-off gate valve
i c internal collimator
q quadrupoles
6 b slit box
8 c scattering chamber
et m steering magnet
sw m switching magnet
Q
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c
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current and centre the beam by measuring the currents on either side 
of the slits.
A maximum current of I8OO nano amps limited by the current on 
the septum vas recorded on the target. The beam currents and trans­
mission recorded then are shown in Table 3.1. Due to the large 
decrease in cross-section with angle (12 orders of magnitude in 150°) 
large currents of the order of 1.8 pA on target were required when 
backward angle data was being measured. But at forvT’ard angles the 
counting rate with these beams would have been far too much for the 
electronics to handle, and currents of the order of a few nano amps 
were required. The beam intensity, incident on target, could be 
controlled by the user by remotely opening or closing the cyclotron’s 
exit gate slits.
It was important that background radiation was minimised to 
reduce count ratio which would have caused bad resolution due to 
pile up. This necessitated that very little current was lost on the 
internal collimator. This, in fact, was generally achieved. It 
was also noticed that shortly after 1.8 pA had been recorded on 
target the radiation on the main Faraday cup at a distance of one 
foot was 1 R. Thus it was very important to ensure that the detectors 
were well shielded from the remainder of the beam line, and the 
Faraday cup.
' The beam size was regulated by the operators of the V.E.C. 
as follows :
with the beam incident on the scintillator in the target 
position the size was regulated until it fell within the scribe marks 
of the scintillator, i.e.. approximately 5 mm high and 2 mm wide, and 
with an angular divergence of less than 0.3°.
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Beam Position
Extracted Beam
Beam transmitted through septum
Beam transmitted through slit A 
(0.04 inches)
Beam transmitted through slit B 
(0.06 inches)
Beam transmitted through collimator
Current
(/AA)
36
18
9
2
1.4
Efficiency 
( % )
30
30
22.2
70
Table 3.1
Beam currents along beam line when I40O n amps 
was recorded on target.
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The beam transport was set up initially with an analogue 
computer simulating beam profiles. The beam line conditions were 
predicted using a computer program to scale up the focussing 
currents to the energy and rigidity of the 53.4 MeV helium-3 beam. 
Only final small adjustments to maximise the transmission were 
required afterwards.
3.4 Experimental Design
3.4.1 The Scattering Chamber and Detection Systems
The beam was transported to a 66 cm diameter scattering 
chamber, fig. 3.3, which was a fixed chamber with a rotateable 
lid on which two of the detector telescopes were mounted. The lid 
could be rotated using a variable speed motor and the angle 
measured to 0.05°. The precision position of the portholes around 
the chamber enabled the initial detector angle setting to be 
measured accurately using an optical theodolyte. The chamber could 
be evacuated using two six-inch diffusion pumps and a supplementary 
pump located before quadrupole . The maximum working pressure of 
the chamber was about 2 x 10"^ torr, but the pressure was generally 
about 10"5 torr and this pressure could generally be achieved in 
40 minutes starting from atmospheric pressure. Diffusion pumps 
were used with liquid nitrogen baffles to stop back-streaming and 
condensation of oil on cold detectors.
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Fig 3*3 Photograph of the A.E.R.E. Variable Energy 
Cyclotron - Beam Line 3.
7 9
»
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3.4.2 The Detector Locations
In view of the large decrease in cross-section with angle, 
it was calculated that some backward angle data runs would require 
long counting times (^10 hours) to achieve a satisfactory number 
of counts. It was therefore decided to have, permanently placed 
at backward angles in two back angle ports, two detectors (which 
will hereafter be denoted as back angle detectors) each capable 
of being set at three different angles, such that the angles from 
125° - 150° could be measured in approximately 5° steps. These 
detectors were located in two backward angle portholes, but they 
could be moved to forward angle portholes at the beginning of the 
experiment when the mass function generator was being set.
The two detector telescopes which were mounted on the lid of 
the chamber, see fig. 3.4, (hereafter called forward angle detectors) 
were capable of being moved through the complete angular range.
When measuring the angular distributions, these detectors were moved 
around to the opposite side of the beam to the back angle detectors , 
thus avoiding collisions.
A diagram of the back angle detector positions is shown in 
fig 3.5, and the actual apparatus used to achieve this is shown in 
fig 3.6. The port at 115° enabled the connections from the detect­
ors to be fed through the side of the chamber.
The back angle detectors and their preamplifiers had been 
designed to operate at room temperatures, and even with 1000 volts 
on the E detectors, their leakage currents remained below 10p amps. 
However, the forward angle detectors and their Hanfell preamplifiers were 
found to work better in a cryogenic state. This was in fact necessary 
to prevent enormous leakage currents from the detectors. Thus the
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Fig 3*4 Forv/ard Angle Detector System and Housing 
showing Cooling Pipes.
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Fig 3.5 Photograph to illustrate the three positions 
of the backward, angle detectors.
8 5
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Fig 3.6 Backward Angle Detector Mounting System
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detectors were cooled using refrigerated coolants. The detector 
telescopes were mounted on copper blocks which were cooled from 
room temperature to about -50°C in approximately 30 minutes by 
the circulation of the coolant methyl alcohol, which has a low 
viscosity at low temperatures, through well-lagged nylon pipes 
around the copper blocks and back to a heat exchanger where a 
eutectic mixture of ethyl alcohol and dry ice cooled the methyl 
alcohol to -60*^ C (Ze 02). The detectors could be brought back 
to room temperature by circulating hot alcohol round the detectors 
using the heating system shown in fig. 3.7. This procedure usually 
took about 20 minutes. It was necessary always to remove the 
biases on the detectors and warm them up to room temperature before 
allowing air into the chamber, otherwise water vapour would condense 
and freeze on the actual detectors themselves.
Two monitor counters were placed l4° + 0.17° on either 
side of the beam, and these were used to detect beam wander during 
the long runs at backward angles, i.e. only runs without beam wander 
were accepted. One of these counters was also used to determine ADC 
dead time. One output from the amplifier was connected directly, 
while the other was connected to the "busy" output of the ADC so 
that the ratio of the two countrates gave the percentage dead time.
3.4.3 The Detector Telescopes
The forward angle detector system consisted of two teles­
copes separated by an angular displacement of 9.4l67° relative to 
the centre of the scattering chamber. Each telescope consisted of a
8DETECTOR
BLOCKS
Hot Water Hot 
to heat 
alcohol
Cold methyl 
alcoholalcoho
SoliQ CO All pipes carrying cold 
alcohol are sheathed in 
i inch foam rubber.
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3.7 The principle of the cooling and heating* system,
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thin AE and a thick E silicon lithium drifted detector. Since 
the mass function generator in this experiment gave better discrim­
ination with an energy loss of about 20% in the AE detector, the 
AE detector was 0.1 mm thick and the E detector 2 mm thick. 
The stopping power of silicon for H^e at 50 MeV was 25 MeV /mm, 
hence there was a 10 MeV energy loss in the AE detectors.
Silicon detectors require a thickness of 1.3 mm to 
reduce the energy from 50 MeV to zero. Thus a 2 mm E detector 
was quite adequate, and it was not necessary for it to be fully 
depleted.
0.15 cm thick tantalum apertures were mounted in front 
of the AE detectors, separated by a 1 cm thick teflon block, to 
define the solid angle of the telescope. The size of the apertures 
for the forward angle detector telescopes were 5 mm x 3 mm, but 
were measured precisely using a travelling microscope.
The two backward angle detector telescopes consisted of a 
0.6 mm thick AE detector and a 3 mm surface barrier detector. 
The solid angles of these detector telescope systems were also 
defined by tantalum apertures, the size of which was 5 mm x 5 mm, 
in order to achieve a higher countrate at back angles.
Each of the two monitor detector telescopes consisted of 
a 3 mm silicon surface barrier detector housed in aluminium alloy 
housings, each having brass apertures to define their solid angles.
All the detector telescopes had permanent annular magnets 
of 375 oersted central magnetic field intensity placed in front of 
the telescopes to suppress any secondary electrons and low energy/" 
background charged particles.
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3-^.U Targets
The targets were fixed to steel frames mounted on a target 
ladder fixed at the centre of the scattering chamber. This ladder 
could be rotated by hand to various target angle positions to an 
accuracy of _+ 0.1°. The ladder had ten target positions and could 
be moved vertically to enable the correct target to be moved into 
position. Whenever target or detector positions were changed 
remotely, the small Faraday cup located next to slit box 1 was always 
inserted in the beam to prevent any beam scatter off the target 
ladder itself, and also to eliminate the possibility of running a 
detector through the beam. The targets which had been sent under 
vacuum were assembled in their positions on the target ladder in less 
than 5 minutes of exposure to air.
The energy levels of the first excited states of the - 
Samarium lU8 and 150 isotopes required that the energy resolution 
of the beam should be better than 300 KeV. Calculations were 
performed to find the optimum target angle and thickness for the 
optimum resolution. Typical results shown in table 3.2 show that a
1.0 mg target is much better than a 2.0 mg target for resolution 
purposes.
Target Angle = 45° (transmission)
0 1.0 mg 2.0 mg
30° UU.5 KeV 6T KeV
60° hh KeV 66 KeV
90° I4U.5 KeV 6k KeV
120° 155 KeV 31^ KeV
92
Target Angle = -U5° (reflection)
0 1.0 mg 2.0 mg
90 l60 KeV 325 KeV
120 137 KeV 275 KeV
150 137 KeV 27U KeV
TABLE 3.2 ENERGY SPREAD IN TARGETS OF SAMARIUM II18
Fig. 3.8 shows the energy spread in the target for various target 
angles over the entire angular range.
y
The targets were prepared by the Oak Ridge National 
Laboratory Nuclear Isotope Division and were better than 95% 
isotopically pure (see Table 3.3).
The percentage of other rare earth elements present in 
the targets was less than 0.5#.
3.5 Beam Integration •
The large Faraday cup was a 1.12 metre graphite cylinder 
subtending an angle of 3.2° at the target centre. The beam current 
was fed into a standard 100% feedback Miller integrator which had 
four charge capacity ranges, nominally 10“ ,^ 10“ ,^ 10~® and 10“  ^
coulombs/cycle sensitivity. Each capacitor was calibrated prior to 
and following each run. The calibrations were performed using a 
Harwell I688A current generator (Ae 04).
Currents produced by a standard cell were fed into the beam 
integrator and the number of cycles per second were determined to less
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Target 1
2
1.03 mg/cm
ISOTOPE ATOMIC
PERCENTAGE
PRECISION
144 0.03 ± 0.02
147 0»39 ± 0.03
148 0.47 ± 0.03
149 1.70 ± 0.03
150 95.48 ± 0.10
152 1.46 ± 0.03
154 0.45 ± 0.04
Target 2
2
1.04 mg/cm
ISOTOPE ATOMIC
PERCENTAGE
PRECISION
144 0.04 ± 0.01
147 1.30 • ± 0.03
148 96.40 ± 0.10
149 1.46 ± 0.03
150 0.23 ± 0.02
152 0.37 ± 0.02
154 0.20 ± 0.02
Table 3*3 Isotopic analysis of Samarium isotopes,
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than 0.1%. The method of calibration was as follows:- the precise 
current 8.0 + 0.016 x 10"? amps supplied from the current generator 
was used to calibrate the 10~^ and 10"? coulombs/cycle ranges 
of the current integrator using the formiola,
where I is current in amps, t time in seconds and N number of 
cycles. However, due to the discharge cycle of the integrator, each 
capacitor had a dead time of 100 _+ 1 p sec; Thus the corrected 
number of cycles
N =  N q ( 1  -  | i )
The 10  ^ range was then used to determine the exact value 
of the current nominally equal to 8 x 10~® amps. This current 
was then used to calibrate the 10~® range which in turn was used
to determine the current nominally equal to 8 x 10~^ amps. This
current was then used to calibrate the 10“  ^ range. The errors, 
accumulated by this method, were always less than the error due 
to the calibration current, which was 0.2%. With the Faraday cup 
connected the leakage current was determined using the 10  ^ range
and was found to be extremely small, ** 2 x 10 amps.
3.6 Absolute and Relative Errors
The uncertainties in determining cross-sections are due to 
absolute and relative errors. Absolute errors affect the normalisation
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of the angular distribution and are due to errors in measuring the 
solid angle and the calibration of the Faraday cup storage capacitor.
The error in measuring the target thickness will also affect the 
absolute error, and since for the Samarium isotopes the targets were 
not punched, the absolute errors were corrected after the cross-sections 
had been obtained by normalising the forvrard angle data to Coulomb 
scattering. Wollam (Wo 06) showed that the experimental cross-sections 
followed the shape of the Coulomb cross-sections out to 30°.
The error in calibrating the storage capacitor was less than 
the 0.2% error of the current used to calibrate the ranges on the 
capacitor.
The correction factor for the leakage current was ^
H.FC
L = leakage current, and N = number of Faraday cup cycles. 
However, this error was estimated at approximately 0.002%.
The error in measuring the laboratory scattering angle would 
affect the position of the minima in the cross-sections. This angle 
was measured to an accuracy of +0.1° . The zero position was 
checked in both runs by the asymmetry scattering on opposite sides 
of the beam.
The effects of relative errors is to change the shape of the 
angular distribution. These cannot be corrected for by normalising 
the data, they must be known precisely.
The counting statistics, both the statistical error in the 
number of peak counts and the uncertainty of the number of counts in 
each peak, contribute to the relative error. These errors depend on 
peak separation in each spectrum and the relative peak sizes.
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The lost number'Of Faraday cup cycles due to the integrator 
dead time was corrected for at each data point. This corrected 
figure was given by
N t ^
^CORR "
where x is the dead time and N the number of counts measured in 
time T .
The target angle was measured relative to its position nomal 
to the beam axis. The change in target thickness due to the target 
angle was corrected for by the scaling factor equation
Kg . FC^
^ 1  2 ’
where Ng is the number of peak counts in the normal target position
1 2 counted for FC Faraday cup cycles, and Ng is the number of peak
2
counts counted at target angle a for FC Faraday cup cycles.
The left and right hand monitor counters were used to check 
and correct for beam wander. However, this proved to be negligibly 
small during the helium-3 run.
Corrections to the horizontal scattering by the vertical 
height of the solid angle aperture was taken into account by
0
d = cos"l (cos (© a^b^  cos p ) --
where p is the vertical angle subtended at the target. This 
correction was never more than 0.2° at forward angles.
The smearing angle (Fa 01) was calculated to be 1.53 for 
this experiment.
The final relative error was due to the number of counts lost
due to the ADC dead time. This was corrected for by multiplying 
the number of peak counts by (N^/N^) where is the number
of counts recorded in the right-hand monitor and the number
of counts in the right-hand monitor inhibit. The errors may be 
summarised as follows:-
Absolute Errors
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Primary ' Normalisation to Coulomb 
Solid angle aperture 
Secondary ^  Solid angle radius
Integrator calibration
+0.05% at 15° 
+ 0.05%
+ 0.06%
+ 0 .2% „
Relative Errors
Angle settings 
Zero error of angle 
Integrator dead time 
Integrator leakage 
ADC dead time
Angular smearing 
Beam spot size geometry 
Target position changes 
Statistics in peaks
+ 0.1^ 
Q.h25°
+ loop sec 
+ 0.002%
+ 1. at 20
< 0.01% at angles >100
+ 0.06%
+ 0.01%
(0=0 to 60°) + 3%
(0=6o to 150°) + 3 - 100%
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3.7 Electronic Systems
Tiie outline plans of the two electronic systems used to
handle the four detector telescopes are shovm in figs. 3.9 and 3.10.
Events satisfying coincidence and particle identification
requirements were recorded on pulse height analysers. The particle
identification was achieved using mass function generators which
took up the"majority of the time at the beginning of the experiment
for setting up.
The forward angle detector systems and the backward angle
detector systems used separate electronic systems, but these were/
generally similar and the following descriptions apply to both 
systems. Any major differences in the two systems will be described,
3.7.1 Analogue and Coincidence ,
Four preamplifiers (Ae 03) from the two forward angle 
detector telescopes and four preamplifiers (Te 08) (Te 10) from the two 
backward angle detector telescopes, situated in the experimental area 
each feed pulses to a main amplifier (Te 04) which produces two 
immediate bipolar pulses and two baseline restored unipolar pulses 
delayed by 2ys . This delay allows logic to be performed on the 
bipolar pulses. The bipolar output from a AE detector triggers a 
crossover pick-off (Te 05) set at a low threshold value. After 
100ns delay this provides a strobe to a Timing Single Channel Analyser 
(Te 06) (TSCA). Meanwhile the E pulse associated with the AE is 
fed to the input of the TSCA set on the crossover discriminate mode.
The crossover pickoff must strobe the TSCA within 200ns from the 
E crossover point to produce an output signal. This is subject to
100
Fig 3*9 Electronics for Forward Angle Detectors
and
Fig 3*10 Electronics for Backward Angle Detectors
ATT Attenuator or Mass Match
BA Biased Amplifier
COP Cross over Fickoff
DA Delay Amplifier
LG Linear Gate
LI Linear Interface
MA Main Amplifier
MFG Mass Function Generator
PA Pre-Amplifier I
SCA3 Single Channel Analyser set for ^He particles
SCA4 Single Channel Analyser set for ^He particles
ST Stretcher
TSCA Timing Single Channel Analyser
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the E pulse crossing the threshold level. Thus the AE - E 
coincidence is achieved.
One output of the TSCA triggers the linear gate and adder 
which receives baseline restored unipolar pulses from the AE and 
E amplifiers. The summed energy E + AE passed to a mixer accept­
ing pulses from either telescope and subsequently to a biased 
amplifier and stretcher (Te 07). This produces an output pulse used 
for the ADC of the Pulse Height Analyser PHA(Nu 04).
3.7.2 Mass Function
V
It has been shown by Bethe (Be 07) that for non-relativistic 
particles, the rate of energy loss in an absorber is given by.
which approximates to.
^  (E- + Eq ) = KMZ2
Thus the particle is identified by
(AE.E' + KAE) a MZ^
E’ is energy lost in E + AE detectors. An analogue multiplier was • 
used to generate the AE.E’ function. A correction term of KAE 
was added to maintain the function constant over a fairly wide range
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of energies. It was found that multiplying the AE pulse by 2 
provided better mass discrimination. One mass function generator 
was used for the two detector telescope systems.
A two-dimensional plot of E + AE against MFG output 
on' the PHA was used to obtain a linear dependence on energy by 
adjusting the correction term. Typical mass spectra obtained are 
shown in fig. 3.11.
The outputs of the mass function generator for the forward 
angle detector system were fed to two SCA's, one selecting He^ and 
the other He**. The outputs of the mass function generator for the 
backward angle detector system were fed to only one SCA set vfor 
helium-3 pulses.
Thus an analogue input is only analysed if a pulse of the 
correct height is received from the MFG.
3.7.3 Pulse Height Analyser
The analyser used for the forward angle detector system was 
a Nuclear Data 2000 series multi-channel analyser, (Nu 05) (Nu 06), 
and for the backward angle detectors a Laben multi-channel-analyser 
(Rh 03). Fast pulses from a TSCA were stretched and inverted to 
provide routing pulses for the PHA. Summed routing pulses passed to * 
a mixer-rejector unit which accepted or rejected analogue input pulses 
according to whether routing pulses overlapped. Thus the PHA only 
analysed when a valid MFG output signal and a valid E - AE coincidence 
signal coincided. The Nuclear Data 2000 series multi-channel-analyser 
was divided into k x 512 channels. This represented the two 
detector telescope systems, each containing a He^ and He** spectrum.
105
WITH GATE
W I T H O U T
GATE
— *«yi
3He 4He
Fig 3.11 Typical Hass Spectra showing 
.a)..Mass function generator ~ ungated
b) Mass function generator - gated for -^ He ions
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The Laben pulse height analyser was divided into 2 x 256 channels.
This represented the two detector telescope systems, each containing 
a He^ spectrum only.
The pulse height analysers had facilities for data inte­
gration and peak checking. The data was punched out on 8 hole 
paper tape.
3.8 Calibration of Apparatus and Data Taking
The detectors were tested using an Americium 2ill alpha source 
having energy = 5*5 MeV, and the multi-channel analysers were set up 
using test pulses.
5.5 MeV alpha particles produced a spectrum where in this 
case the peak occurred in channel 627 with a fwhm of 10 channels.
This was equivedent to a resolution of 100 KeV.
Test pulses injected into the PHA were adjusted in voltage
t
until the spectrum produced coincided with the alpha spectrum. In 
the case under consideration, test pulses of O.69 volts produced a 
peak in channel 627 with the result that 1 volt - 8.2 MeV. The 
helium-3 routed channels were adjusted such that an energy pulse of 
^ 5^  MeV occurred near the end of the spectrum. The lowest channel 
was then adjusted to give the desired energy range using a biased 
amplifier and stretcher.
Table 3.1» shows the pulse height analyser adjustments. The 
detector amplifiers were adjusted using the two E and AE detectors, 
and setting the DC height of the 5*5 MeV alpha pulses on a cathode 
ray oscilloscope to 0.55 volts. The gains of the amplifiers were 
adjusted until all the peaks of the 5-5 MeV alpha pulses occurred in 
the same channel on the pulse height analyser. Table 3.5 shows the
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MULTI CHANNEL ANALYSER SETTING
Gate Input - Positive going pulse 0 to 3 volts
Conversion gain 2048
Zero suppresion 1280
Zero Course 6.6
Bottom channel 43 MeV
Top channel 6? MeV
Routing 4 X 312
Test pulses 1 volt = 20 MeV
LABEN PULSE HEIGHT ANALYSER SETTINGS
Gate Input - Negative going pulse 0 to -6 volts D.C.
Bottom channel 43 MeV
Top channel 34 MeV
Routing 2 X 236
Test pulses 1 volt = 8.2 MeV
Table 3.4 Settings on the data collecting devices
F0R7/ARD ANGLE DETECTORS
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DETECTOR
E 1 
E 2 
E 3 
E 4
PEAK CHANNEL 
ON M.C.A.
306
309
308
306
F.W.H.M.
(KeV)
80
100
130
90
AMPLIFIER
GAIN
13.41
13.14
14.4
11.3
BACK ANGLE DETECTORS
DETECTOR
E 3 
E 6 
E 7 
E 8
PEAK-CHANNEL 
ON LABEN
627
627
627 .
627
F.W.H.M.
(KeV)
99.9
61
120
80
AMPLIFIER
GAIN
3.283
3.23
3.89
3.07
Table 3.3 Detector resolution using a ^^^Am alpha source.
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results obtained.
Before data taking began the He^ beam vas scattered from 
an Fe^G target. This has a well-determined first excited state 
of 0.85 MeV. The resolution was calculated to be 235 KeV. The 
b e^ line parameters are shown in table 3.6. Checks were occasion­
ally made using the scintillator to ensure that there was no beam 
spot wander.
The Faraday cup cycles and monitor detector counts were 
recorded on scalers and their values were automatically printed out 
at the end of each run. Events which satisfied the mass and energy 
coincidence requirements were recorded on the PHA's.
V
Data was taken using the four detector telescopes. Data 
for some angles was taken using two different detector telescopes. 
This overlapping procedure enabled a cross calibration between two 
detector telescopes to be established. The angular distribution of 
the *^*®Sm isotope was measured completely, and then the ^^^Sm 
angular distribution was measured. The data at the end of each run 
was then punched out on eight hole paper tape.
It was important to determine the zero angle of the beam 
since the cross-sections in this experiment fall off very rapidly 
with increasing angle. The forward angle detector systems were used 
to measure to a high degree of accuracy the cross-sections at points 
at about 20° on either side of the beam, see fig. 3.12. A zero 
error was determined to be 0.425°.
no
steering Magnet
Quadrupoles
Bending Magnet 
Steering Magnet
Horiz,
Vert.
1
2
3
4 
3 
6
7
8
Current
(amps)
133
27
-221
+193
-3.73
+3.1
+3.0
-3.3
—26 • 8 
+78.3
Table 3.6 Beam line parameters.
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1 8
19
LAB20
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3.9 Data Reduction
Spectra on paper tape output of the multi-channel analyser 
were plotted using MIDAS (Cl 06) and the Rutherford High Energy 
Laboratory IBM 360/195 computer system. A typical spectrum is shown 
in fig. 3.13.
In order to find the total number of counts in a peak, a 
standard convention was used in which it was assumed that 99^ of the 
counts fell within three standard deviations. Background counts 
were subtracted from the total number of counts and the integrated 
peak count was corrected for dead time. Differential cross-sections 
were then calculated using the computer program XSEC (Ma 03) based on 
the relation
N
a ( 0,. ) = ^L' N dn
where = number of scattered particles; = number of incident 
particles; dO = solid angle; N = number of scattering centres/cm^; 
which is derived from
Nt = e
t Ko/A
where t = thickness of target in gms/cm^ (t^  = t^sfa)); = number of 
transmitted particles; A = atomic weight; = avogadro number. Hence
= N^(l - o(e)dn t H/A
^ \  ^ ^  ^ o(0)dOtN
N. N. A1 1
or
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^.13 Typical spectrum of •^ He scattering from 
1 50
. ~ lim from the two forward angle detectors*
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Me) _ "s  ^^ 1-602 ^  lo-'s
dü cdn t^sia) N
where z = charge on incident particle; s(a) = target scale factor 
for appropriate angle a; c = total charge collected corrected for 
dead time, leakage current and error in the range selecting capacitor 
of the Faraday cup system.
Normalisation of the data was achieved by normalising the 
forward angle data out to 35^ to coulomb scattering in the same 
range.
The value of N for the Samarium lU8 and Samarium 150 
run was found to be 0.j8 . See figs. 3.lb and 3.15.
Cross-sections obtained from this experiment are presented 
in tables 3.7 to 3.17
3.10 The Experiment at the Oak Ridge Isochronous Cyclotron
The helium-3 elastic and inelastic scattering from the 152 
eind 15b Samarium isotopes experiment was performed at the Oak Ridge 
Isochronous Cyclotron (ORIC), Tennessee. This instrument is capable 
of producing 65 MeV protons. In this experiment helium-3 particles 
injected from the ion source, see fig. 3.16 (Ba 01), travelled in a 
circular path, whose radius was proportional to the momentum of the 
particles. When the particles reached their required energy and 
orbit radius, in this case 53.1 MeV , they were electrostatically 
deflected into a region of reduced magnetic field which permitted 
them to escape the influence of the magnet and travel through the 
evacuated beam pipe to a target. The 153° analysing magnet enabled 
the required beam resolution of 80 KeV to be achieved.
lis
0.90.7 0.8
FIs 3*1^ Normalisation for at 33*4 MeV
1 1 6
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40
N 0.8 . 0.9
KLe 3.IS Normalisation, graph 'for ^ S m  at 33,4
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Fig 3*1^ Diagram of the Oalc Ridge Isochronous"Cyclotron.
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The targets were produced by the Oak Ridge National 
Laboratory, Isotope Division to the high purity specification 
required. The Samarium-152 target was approximately 2mg/cm^ 
and the Samarium-15^ target was approximately Img/cnf . These 
targets were considered too valuable to punch in order to find the 
thickness, hence the data had to be normalised by normalising the 
forward angle data out to 30° to the Coulomb scattering in the 
same range.
One major criterion in this experiment was the resolution 
of the beam after it had passed through the target for various 
scattering angles. The computer program HPRP (Hp 08) was used to 
calculate the resolution of the beam for different target angles.
(See fig. 3.17.) A criterion of 82 KeV f.w.h.m. was necessary in 
order to separate the first 2^ level of Samarium-15^ from the 
eleastic scattering peak.
From fig 3.17it can be seen that a target angle of ^5° 
was quite satisfactory for scattering angles up to 103°.
The beam, after passing through various beam optics, interacts 
with the target and the emergent particles pass into a Broad Range 
Spectrograph with a solid angle of 1.3 x 10  ^sr. for 1° full width 
and 1 inch high acceptance aperture.
The particles are deflected proportional to their momentum 
around the Broad Range Spectrograph onto a position sensitive detector 
located near the focal position of 179 cms. The detector produces 
two signals for each particle detected; one proportional to the position 
of the particle on the detector, and the other proportional to the 
loss in energy (AE) as the particle passes through the detector.
A bias of 200 volts was placed on the position sensitive 
detector couplet SPHX-7~50-800 (015) and SSR-7~50-1000 (016) which
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although lOOOy thick vas only 800y fully depleted.
Information from this detector was collected and compiled 
in a computer SEL8UOA.
3.10.1 Electronics Systems at O.R.I.C.
The position (energy) and AE(mass) pulses from the position 
sensitive detector were amplified using a TC133 pre-amplifier and 
a TC200 amplifier. (See fig. 3.18.) The "event" (or "start data 
acquisition") signal came from the S.C.A. looking at the amplifier 
of the energy pulse. This signal is added to the scaler-svitch 
level in the ORTEC ^l8 coincidence box.
The stretchers provide analogue pulse height storage to 
hold the pulse height information until the ADC is ready to digitise 
it. The stretchers accept linear voltage signals in the form of 
unipolar or bipolar pulses from the amplifiers. The output is a 
constant current proportional to the input pulse voltage and of 
U.75 P sec duration as required by the ADC (Go 05).
Two logic signals are required for stretcher control. One
is a sample gate signal that indicates the time interval during which 
the input signal is to be sampled for a peak. The other logic signal 
inhibits the output, except when the ADC controller calls for it.
The controller is the device that sequences the digitising
of the stretched pulses and provides the control signals for trans­
ferring data to the computer. A cycle is initiated by an event signal 
to the controller. The controller responds immediately by providing 
a sample gate pulse of adjustable duration for the stretchers. At 
the end of the gate pulse the analogue data are stored in the stretchers
121
Fig 3*18 Block diagram of electronics associated with the
Detector Couplet SPHX-7-30-800 and the computer 
S.E.L. 840 A»
ADC Analogue to Digital Converter (TC 301)
CO Coincidence Unit (Ortec 418)
COM Computer (S.E.L. 84O A)
DA Delay Amplifier (TC 213)
DET Detector Couplet SPHX-7-50-800
FC Faraday Cup
lA Inverting Amplifier
HA Main Amplifier
MC Multiplexer Control
PA Pre-amplifier (TC 133)
PAPS Pre-amplifier power supply i
PG Pulse Generator
PHA Pulse Height Analyser
PS Power Supply 130v DC
RB Ring Bias
S Scaler
ST Stretcher (TC 620)
TSCA Timing Single Channel Analyser (TC 420)
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and the controller goes into a digitising and data transfer cycle.
\'7hen an output is required from a stretcher, its inhibit is removed 
and the ADC is commanded to initiate a conversion. When the convers­
ion is complete, the controller signals the computer that a data 
word is available. When the computer signals back that it has 
accepted the word, the cycle goes on to the next stretcher.
The counting loss due to system dead time is evaluated by 
counting the number of unaccepted event signals. This eliminates the 
problems of inferring the true loss from dead time evaluated from a 
signal that does not have the same time correlations as the real data.
3.10.2 Data Accumulation and Reduction
Before taking data it was necessary to determine the position 
of the edges of the detectors, such that the helium-3 particles of the 
required energy fell on the sensitive region of the detector.
This was achieved by varying the magnetic field of the broad 
range spectrograph so that particles hit the entire surface of the 
detector. The S.E.L. 8U0 A computer then printed an output, fig. 3.19, 
where the axes represent the position (energy) and AE(mass) of the 
particles incident on the detector. The number of counts was repres­
ented by an alphanumeric code. The limits of the helium-3 pulses are 
shown clearly. The spectrum of the total number of counts in each 
position channel between the limits for helium-3 particles was plotted 
against the position channel number, fig. 3.20, and the rapid decrease 
in counts at the edges of the graph denote the edges of the detector.
Experimental runs were performed with magnetic fields of the 
broad range spectrograph varied to produce focussing at different
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Fig 3^19 Output from Position Sensitive Detector
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positions on the focal plane, calculated using the computer program 
HPRP (Hp 08). A graph of the peak channel in each case against the 
calculated focal point is shown in fig. 3.21. This enabled the 
number of channels per millimetre to be determined.
The data acquisition was facilitated by the use of the 
on-line computer which printed graphs of position of detected pulses 
against the mass of the pulses for each run, and then a graph of the 
total number of counts in the helium-3 limits against the energy of 
the pulses. With a resolution of 10 KeV per channel, the 2^ 
level on the ^^^Sm data was approximately 85 channels from the 
elastic peak.
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fig 3«21 Graph to determine the calibration of the P.S.D,
Table : 3 . 7
C R U S S - S E C T l ü N S  FOR E L A b T Ï C  S C A T T E R I N G
128
INCIDENT ENERGY : 53 .4 .%EV (L&Ô)
ANCLE
(CM)
N = 0 ' 7 8
CRüSS-SLCTIJN 
(MB/SR)
ERROR 
( ViB/SR)
8 .38
10.91
13.65
16.29 
18.19 
18.33
16.74
18.92
19 .22
19.73 
20.24
20.75
20 .97
21 .34 
21 .55 
2 1  .60 
26.81 
28.06 
28 .57
28.66 
29.10 
29.61 
30.13 
3 0.64 
31.17
31 .49
32 . 6 6  
34.60
36.73
37.30 
39.91
41 .95
42 .52 
44 .56 
47.16
49.76 
52.35 
52.90 
55 .49 
58 .06
3.34E+05 
1.30c+C5
5 . 18E + 04 
2.41t+04 
9.06E+C3 
i . 11E404 
8.39E+03 
9.75E+03
1 .07u + O3 
5 .966 + 03 
5.10E+03 
4.31E+03 
4.91E+-G3.
3 . 8  68+03 
4.32E+03
2 .59E + 03 
C6E+03 
12E+C2 
39C+02 
32E+02
4 .89 6 + 02 
4.36L+02
3 .952+02 
3 .522+02 
3.246+02 
3.64E+G2 
3.032+02 
1 .612 + 0 2  
1 .082 + 02  
9 .OCE + Ul 
5.472+01 
4.05E+U1 
2 .8 1 2 + 0 1 
2 . 092 + 0 1
312+01 
142+00 
872+00 
13L+Ü0 
2.17E+00 
1 .50l' + 00
88E+03 
902+03 
592+02 
622+02 
062+32 
862+02 
832+01 
1 . 082 + 0 2  
7.682+01 
292+01 
552+01 
712+31 
432+01 
26L+31 
4.752+0 1 
4.432+01 
1 .152 + 01 
9.342+30 
3.22Ç+00 
9.502+00 
7.972+00 
5.792+30 
6.272+00 
5 . o 1 2 + 0 0 
5.402+00 
4 . 932 + 00 
3.352+00 
1.792+00 
1 .422 + 00 
9.89Ù-01 
6.042-01 
1-6 2-0 1 
078-01 
758-01 
o11-3 1 
132-51 
72F-u2 
74E-02 
6 3 2-02 
912-02
1 .
rTABLE : 3.7 (LLINT.)
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ANGLE
(CM)
C RüSS-SLCTI ON 
(Mb/SR)
ERROR
( M 3 / 5 R )
6 0.64 
62.67 
63 .21 
65.23 
67.79 
70 .35 
72.89 
73.42 
75.96 
78.50 
61 .03 
83.02 
85 .54 
90 .56 
93 .53 
98 .55 
101.03 
103.51 
105.46 
107.92 
110.38
113.34 
125.55 
127.94 
130 .49 
132.73 
135.42
140.34 
142.36 
145.26 
150.18
1.158+00 
8 . 2 3 L “ 0 1 
7.235-01 
4.63E-01 
2 . 868-01 
1 .94E-01 
1.42E-0 1 
1 . 16E-L1 
8.02E-02 
4.95E-Ü2 
2.66E-02 
1.998-02 
1.76E-Ü2 
7.93E-U3 
3.21E-03 
2.548-03 
2.268-03
1 .57E-03 
7.50E-04 
3.30E-04 
4. 40 £-04. 
2.80L-04 
7 . 72L-0 5 
9.00E-05 
1.41£-05
2 .OCL-05
1 . 41E-G5
2 .385-05 
2 .00£-05 
4 .788-05 
1.bOE-05
535-02 
138-02 
058-02 
315-03 
228-03 
Ü6E-03 
365-03 
218-03 
148-03 
635-03 
208-04 
40 8-0 4 
90E-04 
60 5-0 4 
c . 205-04 
208-04 
808-04 
408-04 
108-04 
7.008-05 
b. 008-05 
6 . 008-0-5 
338-05 
008-05 
418-0 5 
U08-C5 
99t-u6 
385-05 
008-05 
95c-0 5 
135-05
7 ..
TAB L E  : j . 8
C R 0 S 5 - S L C T  K i N S  ( OR I L L L A S J  I L  S C A T T E R I N G
148 SM(H,H-) TU 2+ LLVEl AT 0.5502 MEv
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iNCIuENT ENERGY 53.4 ME V ( l Aü)
ANGLE 
( CM )
= 0 - 78
CRdSS-SECTlUN 
(V.B/5R )
ERROR 
( MB/SR )
8.38
18.19
16.33
18 .74 
19.22
19 .73
20 .24
20 . 75
21.34
21 .55 
2 ù . b 1 
28 .06 
28.57 
29.10 
29.61 
30.13
30 .64 
31.17
31 .49
32 .06 
34.08 
30.73 
37.30 
39.91 
41.95 
44.56 
4 7.16 
47.29 
47.72 
49 .76 
52.90 
55 .49 
57.01
57 .52
58 .06 
60 .64
62 .67
63 .21
4.Ü4E+03 
1.52E+02 
4,990+0 1 
1.27E+02 
41 L + 02 
13E+02 
02t+02 
27E+G1 
56L+01 
9.90L+Ü1 
2 .580 + 01 
1.28L+01 
1.05E+01 
9.26E+00 
9 .08E+Ü0 
7 . a 1 L + 0 0 
7.14E+00 
6 .,42 E + 0 0 
b .39L + 00 
9.75E+C0 
6.81E+00 
4 . 8 3 L + 0 0 
4.900+00 
2.570+00 
1 . 76E+00 
i .541+00 
1.07E+00 
9.03E-0 1 
7.79L-01 
5.34E-C1 
4.14E-0 1 
3.01L-C1 
2.30E-U1 
1.89L-01 
2.01E-Ü1 
1.410-01 
1.22E-01 
1.21L-01
9.
4 . 
6 . 
2 .
6 6 t +0 1 
OlE+00 
37E+00 
72E+00 
83E+00 
33E+J0 
dlc+OO 
38E+00 
33E+00 
0 0 d + 0 0 
14E-01 
Ü2E+00 
53E-G1 
63E-J1 
442-01 
t .82E-Ü1 
6 , 19E-Ü1 
6.07E-01 
4.74E-J1 
Ü4-E-J1 
22E-G1 
84E-01 
4 2 c - 0 2 
24E-02 
33E-U2 
67E-02 
57E-Ü2 
36C-02 
27E-02
57^-02 
Ü0E-Ü3 
c3E-:3 
26E-J3 
8BE-03 
4.35E-03 
3.51E-Ü3 
3.C6E-U3 
3.21E-03
• À* 7
T a b l e  : : 3 . 8  ( l ü n t . )
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ANGLE 
( CM )
CRUSS-SECTlüNI 
(Mü/SR)
ERRÜR
( M B / 5 k  )
65.23 
67.79 
70 .35 
72.69 
73.42 
75.96 
78 .50 
6 1.03 
63.02 
85.54 
88  .05 
90 .56 
93.53 
9o .07 
96 .55 
101.04 
103.51 
107.92 
110.38 
11 3.34 
125.55 
130.49 
135.42 
140.34 
145 .26 
150 .18
7.67E-C2 
4 . 43E-02 
3.61[-02 
3.42C-02 
2 .69C-02 
1 .672-02
1.Ü0E-C2 
C.64E-03 
6.466-03 
5.346-03 
2.876-03 
2.816-03
1 .376-03
1.306-03
1.106-03
7.806-04
3.206-04
5.906-04
2.906-04
1.906-04 
3.516-05 
7 .046-05"
2 .826-05
2.386-05 
1.596-05
3.196-05
356-03 
746-03 
606-03 
526-03 
306-04 
lOc-04
7.00 6-0 4
4.406-04
4.196-0 4
4.806-04
506-04 
706-04 
706-04 
506-0 4 
406-04 
106-04 
006-05 
3 .OCl-O 5 
G.OOc-OS 
5 . 006-0 5
1.576-05 
3. 156-0.5
1.416-05
1.386-05
1.136-05
l.o06-05
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T A B L E  : 3 * 9
CRUSS-SLLTIUNS FOR INELASTIC SCATTERING
148 TO 3- LEVEL AT i .1515 MEV
INCILENT ENERGY : 53 .4 .ME V ( l AB)
N= ( )  '
ANGLE CRDSS-SECTîüN ERROR
(CM) (MB/SR ) ( HB/Sk)
6 .38 2.74E+03 5.386+0 1
18.19 8.46E+01 2.896+00
18.74 7.63E+01 2.016+00
19.22 6.65E + C 1 2 . 576 + 00
19.73 6.14E+01 1 .616 + 00
20 .24 5.48E+0 1 1 . 996 + 00
20.75 4 . 74C- + Ü 1 i . 756 + 00
2 1.34 4.52E+01 1.766+00
21.55 5.45E+Ü1 i . 396 + 00
2b.81 1.25E+C1 3.316-01
28.06 4.06E+U0 5 . 0 8 6 - 0 1
28.57 4.866+00 4.416-01
29.10 5.26 6 + 0 0. 5.496-01
29.61 4.996+00 4.0U-GT
30.13 5.556+00 5.746-01
30 . o4 4 . 6 6 6  + 00 4.986-01
31.17 4.266+00 4.936-01
31 .49 5.U3E+00 3 . ü 4 6 - 0 1
32 .06 6.93L+00 1 . 476-0 1
34.63 3.33C+00 7.726-02
36.73 2.07L+U0 • 1.106-01
37.30 2 . 6 6 6 + 0 0 4.806-02
39.91 266 + 00 3.866-02
41 .95 1 . 556 + 00 5.916-02
42.52 1.136+00 1 . 756-02
44.56 9.566-0 1 3 . 6 0 6 - 0 2
47.16 7.57L-U1 2.106-02
47.29 6.366-01 1.066-02
47.72 5.466-01 9.936-03
4 9.76 b . 266-01 1. 64/L-0 2
52 .35 3.426-01 7.486-03 1
52.90 3.40 6-0 1 6.116-03 1
55 .49 2.44 6-01 4.926-03
57.01 2.046-01 4.89 6-0 3
57.52 1.796-01 ■ 4.736-03
5b .06 1 . 856-01 4.136-03
60.64 1 .256:0 1 3.276-03
62 .67 ■ 1.016-01 2 . 73 6-0 3
63 .21 9 .106-02 2.736-03
1^' ■ / ' .
T ABL E  : 3 * 9  ( L O N T . )
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ANGLE
(CM)
CROSS-SECT I UN 
(MB/SP)
ERROR
( M B / S R )
65.23 
6 7.79 
70 .35
72 .69
73 .42 
75 .96 
78 .50 
81.03 
83 .02 
85 .54 
88 .05 
90 .56 
93 .53 
96 .07 
98 .55
101 .03 
105.46 
107.92 
110.38 
113.34 
125.55 
130 .49 
135.42 
140 .34 
150.18
6 . 59L-U2 
t .49E-02 
3 .bOL-0 2
2.61L-0 2
2.056-02 
2.17E-02 
1.40E-Ü2 
1.06E-02 
6.22L-03 
4.53E-03 
4.54E-03 
3.61L-03 
2. OOE-03
1 .466-03
9 .201-04 
9 .20E-*04 
1 .06E-03
4.106-04
2.906-04 
1 .80 6-04 
2.116-05 
2.826-05 
4 .246-05 
7 ,946-06
2.396-05
2.506-03 
2.146-03 
1.566-03 
1.326-03
8.006-04
1.056-03
8.306-04 
5.606-04
4.006-04 
4.40 6-04
4.406-04 
3,10c-04 
1.706-04 
1 . 606-04
1.306-34
1.206-34 
1 . 30 6-04 
8 . 006-0 5
6.00 6-05
5.006-0 5 
1 . 226-05 
1.996-05 
1.736-05 
7.946-0 6
1.386-05
134
TABLE : 3.10 
CPUSS-SECTUiNS FCR ELASTIC SCATTER 1 Nu 
150 SMTHtH)
INCIDENT Ef.FRC Y : 5 3.4 4 [ V ( L A B )
N= 0 7 8
ANGLE CRüSS-SLCTIü'l ERROR
(CM) (MB/SR) (MB/SR)
8.39 3.1BE+05 4 .652 + 03
11.01 1.27E+05 1 .862 + 03
13.65 4.65E+G4 6.82 2+02
16.28 2.12L+04 3.112+02
16.32 1.04E+04 1.736+02
18.92 8 .820+03 1.302!02
20.96 • 4.71E+Û3 8.056+j l
23.59 2 . 380+03 4.075+01
26.22 1 .140 + 03 1 .92C+U1
28.65 5.730+02 i .012+01
32 .05 2.700+02 2 .996 + 00
34.67 1.230+02 . 1.412+00
37.29 6.070+01 9 . 6 0 E - J 1
39 .90 5 . 1 3 t + 0 i b . 076-01
41 .94 3. 54c+ 0 1 4. 56t -0 1
4 4 . 5 4 1.560+0 1 2 . 396-31
47.15 1.2CE+01 1.976-Jl
4 9.75 6.890+00 1.386-01
52.69 3 .980 + 00 5.346-02
55.46 2.1Ic+UO 2.556-02
57.00 1.426+00 2.066-02
57.51 1.456+00 2 . 01 6 - 0 2
62 .05 7.54E-01 T .546-02
65.22 4.370-01 6.636-03
68.31 1.870-01 . 2 .996-03
73.41 9 .08L-G2 i .636-u3
75 .95 b . 106-02 1 .436-03
77.96 4.300-02 1 , iCE-03
81 .01 1.920-02 7.4C6-Ü4
33.01 1 . 30 6-02 5 . 70E-J4
95.53 1.276-02 5.606-04
se .56 9.340-03 4.306-04
90 .54 7.030-03 4.106-04
93.51 2.600-03 1.906-04
90.05 1.720-03 i .506-04
98.54 i .692-03 i .706-04
101 .02 i .440-03 1 . 306-04
103 .49 6.800-04 9.CCL-05
105.44 3 .600-04 7.006-05
108 .41 1.806-04 4.006-05
T m BLE : 3 . 1 0  C 3 N T
135
ANGLE 
(LM )
CROSS-SECT UN
(Mb/SR)
ERROR 
( Mb/SR)
110.34
113.33 
117.70 
122.57 
125.54 
127.93 
130.43 
132 .77 
135.41 
137.05
140.33 
145.25 
150.17
2.90L-0 4 
3.10E-04 
b.OOc-05 
3.0ÛE-05 
1.166-04 
b.OOE-05 
7.O3E-05 
5 .OOE-05 
5.396-05 
1.006-05 
5.94E-05 
3.446-05 
2.12 6-05
COE-0 5 
006-05 
006-05 
006-05 
026-05 
006-0 5 
506-35 
00 6-05 
136-05 
006-05 
546-05 
526-06
5.396-06
t a b l e  : 3 . 1 1
C R ü S S - S c C T l ü N S  HCR I N E L A S T I C  S C A T T E R I N G
150 SM(H,H*) TU 2+ LEVEL AT 3.3340 MEV
136
INCIUENT ENERGY : 53.4'MEV (LABl-
N= 0 - 78
ANGLE
(CK)
CRÜSS-SECTILIN 
{M3/SR)
ERROR
(MB/SR)
8 .33 
11 . 01  
13.65 
16.28 
18 .32 
18.92 
20 .96 
23.59 
26.22 
28 .85 
32 .05 
34.67 
37.29
39 .90 
41.94 
44 .54
40 .71 
47.15 
49 .75 
52.89 
55 .46 
57.03
57.51 
62 .65 
65.22 
66 .31 
73 .41 
75 .95 
77 .96 
81.01 
83 .01 
85.53 
88.56 
90 .54
93.51 
96.05 
98 .54
101.02
4 . 19E + 03 
1 .80E+03 
5.81E+02 
2.17E+02 
7.02E+01 
1 .346 + 02 
3.50t+01 
2.28E+0 1 
2.40E+01 
1 .64E+ 01
1 . 19E + 01 
7.31E+00 
7.32E+00
H . 0 1 E + 0 0
2 .59E + 00 
2 . 18E + 00 
i.37L+00 
1 .25E + 00 
9.85E-01 
6.66E~Ül 
5.11E-01 
3.35E-01 
2.51fc-01 
1 .73E-01 
1 . 14E-0 1 
6.75E“ 02 
4.13E-C2 
2.11E-Ü2 
1.46E-02 
1 .26E-02 
1.25E-02 
6.45E-03 
2.53E-Ü3 
3.03E-03 
d . 13E-03 
i .722-03 
1.132-03 
6.602-04
8 . 4 7 C .  +  Û 1  
3.852+0 1 
1.4 1E+C1
5 .522 + 30 
7,252+03 
3 . 562 + 00 
3 . 742 + 30 
2.142+00
1 .465 + 30 
1.012+03
2 .042-0 1
1.482-31
1.482-31
8.372-32 
7.535-02
6 . 345-32
c-32
i .852-02 
3.512-32 
1 . 502-02 
942-33 
962-03 
992-03 
582-33 
842-0 3 
512-33 
132-03 
802-34 
b .CCi2-34 
5.73t-34 
632-04 
902-04 
202-04 
702-34 
70 t - ü 4 
502-3 4 
40 2-04
9.002-05
Table : 3.11 (CDNT.)
137
ANCLE
(CM)
CRUSS-SECT I UN 
(XB/SR)
ERkUR
(MB/SR)
103.49 
105.44 
103 .41 
110.36
113.33 
117.70 
122.57 
125.54 
127.93 
130 .43 
135.41 
137.05
140.33 
145 .25 
150.17
6.30E-04
4 . 7 0 L - 0 4
4.402—04 
2.60 t-04 
1.40t-04
5.002-05 
3.00t-05
6.402-05
1.00 2-05
5.576-05
3.0 5E-05
2.006-05 
4.75L-05 
2.366-05 
2.126-05
9.006-0 5
S.0 0 E-0 5 
7 . OOE-05
5.006-0 5
3.006-05
2.006-05
1.006-05 
1.726-05
1.006-05 
1 .236-05 
Ü.466-06
1.006-05 
1.376-05 
7 . 956-06 
7 . 4 8 c - 0 6
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T A B L E 3 . 1 2
C R U S S - S E C T I U N S  FOR I f . E L A S ' f i L  S C A T T E R I N G
150 TO 3- LEVEL AT 1.0710 MEv
IiUlLENT ENERGY : 53.4- MEV (LAB)
ANGLE
(CM)
N = 0 ' 7 8
CKüSS-SECTIüN 
(Mb/SR )
ERROR
(MB/SR)
8.38
11.01
13.65 
16.28 
18.92 
20 .96 
23.59 
26.22 
28.85 
32.05 
34.67 
37.29 
39.90 
41 .94 
44.54 
46.71 
47 .15 
49.75 
52.89 
55 .46
57.00
57.51 
58 .05
62.65 
65.22 
67.78 
68.31 
73.41 
75 .95 
77.96 
81 .01
83.01 
85.53 
88 .56 
90 .54
93.51 
96 .05 
98 .54
1 .888 + 03 
7.19E+02 
3.01£+02 
Î.28E+02 
6.26E+01 
2.21E+01 
5 . 3 3 c + 0 0 
4.04E+00 
5.41E+00 
4.678+00
2 .158 + 00 
? .025+00 
1.74L+00 
1 . 2 1 £ + 0 0  
c .585-01 
5.90E-01 
5.01E-cl  
5.775-01
3 .01L-01 
2.145-01 
1 .695-01 
1.585-01 
6.635-02
0 .68 5-02 
8.055-02 
1.915-02 
3 .345-02
1 . /OE-02 
1 .375-02 
1 . 4 7 l - 0 2  
6.065-03 
3 . 745-03
105-03 
325-03 
94E-03 
115-03 
b.40t--04 
0.60 5-04
4.60E+J1 
2.07E+J1 
9.255+00 
3.96E+00 
2.235+00 
2.965+00 
1.035+00 
5.855-01
705-01 
12 5-0 1 
185-02 
945-02 
095-02 
965-02 
605-02 
185-02 
9 .o7E-03 
? 645-02 
415-03
385-03 
395-03 
585-03 
165-03 
575-03 
325-03 
1.075-03
1.005-03
6.9 0 5-04
b .205-04 
6.10^-04
4.105-04
3.005-04
3.105-04 
605-0 4 
605-04 
205-04
005-0 5 
105-04
T A B L E  : 3 . 1 2  i :  JNT . )
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ANGLE 
{ CM )
CROSS-SECT I UN 
(MB/Sk)
ERROR
( M B / S R )
101 . 0 2  
103.49 
105.44 
108 .41 
110.36 
113.33 
117.70 
122 .5 7 
125.54 
127.93 
130 .48 
135.41 
137.95 
140 .33 
145.25 
150.17
c .40 E-04 
4.60E-04 
5.30E-04 
1.505-04 
1.70E-Û4 
1.10E-04 
1 .50E-04 
5.0GE-Ü5 
1 . 19E-04
2.Ü0E-0 5 
6 .75E-05 
5.85E-05 
l.OOE-05 
1 .1 5 E - 0 4 
0.35L-Û5 
2.64E-G5
1.00E-G4 
7.00L-0 5
8.006-05
4.00 6-05
4.006-0 5
3.002-0 5 
4 . 006-0 5 
2.096-05 
2.046-05
1.006-05
1.416-0 5 
1 . 176-05 
1 .00 6-0 5
2.136-05 
1 . 306-95
6.396-06
T A B L E  : 3 . 1 3
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C R O S S - S E C T  I UNS HCR I N E L A S T I C  S C A T T E R I N G
150 SHIM,Hi-'M T'J 0+ LEVEL AT 3 .7405 XEV
I NC ICE.' , T energy : 53.4 .ME V ( L A b )
fy = C) 78 *
ANCLE CROSS-SECT IJN ERROR
(CM) (Mb/SR) (XS/SR)
8.33 1.896+03 4.826+01
11.01 6.586+02 1.976+01
13.65 3.366+02 9.916+00
16.28 1.446+02 4.256+00
18 .32 2.576+0 1 4 . 366 + 00
18.92 5.436+01 2 .271 UO
20.96 4.026+00 1.266+00
23 .59 ■ 3.086+00 7.78 6-0 1
26.22 2 .156+00 4.266-0 1
28.85 1.76 6+0 0 3.256-01
32 .05 2.356+00 7.536-02
34.67 1.206+00 5.236-02
37.29 6.696-0 1 4.476-02
39.90 5.686-01 2.826-02
41 .94 3.896-01 2.756-02
44.54 1.166-01 1.496-02
46.71 1.79 6-0 1 5.886-03
4 7.15 1.966-0 1 5.466-03
4 7.1.5 1.206-01 .1.526-02
49 .75 1.186-01 i .176-02
52 .8Q 8.726-02 4.85 6-0 3
55 .46 D.806-02 2 . 046-03
5 7.00 3.976-02 2.51C-33
57.51 3.616-02 2.076-03
• 58.05 2.556-02 1.326-03
62.65 1.856-02 ' 2.076-03
65.22 1.736-02 1.026-03
67.78 7.296-03 6.506-04
68.31 1.396-02 5.206-04
73.41 7.826-03 4.506-04
75 .95 5.176-03 3.706-04
77 .96 3 .926-03 3.006-04
81.01 2.626-03 2 . 0 0 8 - 0 4
83.01 2.64 L-0 3 2.50c-04
85.53 1 .576-03 1.906-04
88.56 1.166-03 1.502-34
90.54 9.906-04 1.506-04
03,51 6.406-04 9.006-05
T a b l e  : 3 . 1 3  c u m t . )
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ANCLE
( L M )
tROSS-SLtTIUN 
(MB/SR)
ERROR
(ilB/SR)
9 6.05 
98 .54 
101.02 
103.49 
105.44 
108.41 
110.36 
113.33 
117 .70 
122 .57
4 .80E-04 
3.00L-04 
2 . 50t-04 
.40 E-04
1.306-04
1.206-04 
1 .506-04
8.006-05
6.006-05
4.006-05
8.006-05
7.006-05
5.006-05
3.006-05 
006-05 
00 6-0 5 
006-05 
006-05
006-0 5
1.006-05
■ /
T a b l e  : 3 .1 4
CRÜSS-SECTIDNS TOR ELASTIC SCATTER INv
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INC I LENT ENERGY : 53.1 X:v (LA5)
N = 1-3
ANGLE CROSS-SECTION
(CM) (XB/SR)
ERROR
(MB/SR)
16.30 
20.40 
24.50 
28 .50 
32.60
3 6  
4 0 
4 4
7 0 
70 
60
48.90 
52 .90
57.00 
61 . 0 0
55.00 
69 .10
75.10
8 1 . 1 0  
6 3 . 1 0  
88 . 9 0
93.20
97.20
1 .24E+04 
3.15E+03 
1.05E+03 
2.87E+02 
.32E+02 
. 2 9 2 + 0  1 
. 3 1 2 + 0 1  
. 17L + Ü0 
. 3 0 2 + 0 0  .0 2 2 + 0 0  
. 8 0 2 - 0 1  
4 . 2 6 2 - 0 1  
2. 4, 2  2 - 0  1 
6 . 0 6 C - 0 2  
2 . 4 0 2 - 0 2  
e . 1 0 6 - 0 3  
5.802-03 
3.102-03 
3 . 0 0 2 - 0 4  
j . 0 0 6 - 0 4
3
9
3
3 
2 
9
4 
2 
1 
8
3 
2
1 . 
9 .
4 . 
2 . 
1 . 
9. 
3 . 
3 .
922+31 
922+00 
17E+O0 
73E+00 
G5F+00 
132 0 1 
162-3 1 
26E-31 
172-0 1 
032-32 
322-02 
02 
892-02 
702-03 
312-03 
252-0 3 
372-03 
602-04 
002-04
0CL-V4
t a b l e  : 3 , 1 5
l U
C R Q S S - S L C T I Ü N S  r Ü K  I N L L À 5 Î I L  S C A T T E R I N G
152 SM(H,H») TO 2+ LEVEC"ÂT"0.12 18 MEV
INCIDENT ENERGY 1 MEV (LAb)
ANGLE
(CM)
N= 1 3
CRÜSS-SECTIÙN 
(Mb/SR)
ERROR
(MB/SR)
16.30 
20 .40
24.50
28.50 
32.60 
36 .70 
40 .70 
44 .60 
48 .90 
52 .90 
57.00 
6 1 . 0 0  
65 .00 .
69.10
75.10
81.10 
83.10 
88.90 
93 .20 
97.<0
4.592+02 
1 .002+02
7 .472 + 0 1 
4.822+01 
2.322+01 
1 . 102+0 1
582+00 
o4 £ + 0 0 
412+00 
362+00 
4.786-01 
2.522-01 
i .342-0 1 
b .622-02 
1.132-02
8 .60 2-03 
1 . 086-02 
3.202-03 
1.305-03 
7.002-04
1.092+01 
1.302+00 
3.032+00 
1.772+06 
642-01 
692-01
342-01
8 
5
3 .
1.522-01 
1 . 265-01 
6 . 822-02 
3 .882:02 
2.096-02 
2 . 112-02 
1.892-02 
4.922-03 
3.332-03 
1 . 852-03 
1.432-03 
9.192-04 
7.002-04
TABLE : 3.16 
tRbSS-SEtTHi|>IS FUR ELASTIC SCATTERING
ISA shTh / hT ■
144
iNCIbENT ENERGY : 53.1 XL V (LAü )
ANGLE
(CM)
N = 1 3 6
CLDSS-SECTINX
(X0/SR)
ERROR
(MB/SR)
16 .30 
20.40
24.50
2 8 . 5 0  
32 .üO 
30.70 
40 .70 
44.80 
48 .90 
52 .90 
5 7.00 
61 .00 
65.00 . 
69 . 10 
75 .10 
81 .10 
83.10 
88.90
93.20
97.20
i .222 + 04
3.CGE+03 
9 .672 + 02 
3.33t+02 
1 . 1 6 2  + 02 
4 . 5 2  2 + 0 1  
2 . 04E + 0 1 
8 . 3 7 2  + 00  
2.792+00 
1 .38 2 + 00 
5.102-01 
2 .2 0 2 - 0 1
6.852-02 
5 . 3 9 2 - 0 2  
3.072-02
5.002-03
5.802-03
3 . 8 0 2 - 0 3  
1.302-03
7.002-04
5.642+0 1 
9.862+00 
1.092+01 
4 . 6 4 C - 0 Î  
1.932+00 
1.202+00 
5.87E-01 
2.262-01 
362-0 1 
802-02 
01t-0 2
312-02 
722-02 
1.292-02 
8 . 1 2 2 - 0 3  
2 . 502-05
1.372-03 
1.552-03 
9.192-04
7.002-04
TABLE : 3 . 1 7
C k U S S - S L - C T  U N S  EUR I N E L A S T I C  S C A T T E R I N G
154 TO 2+ LEVEl aT 0.032Ü MEV
145
INCIDENT ENERGY : 53.1 X£V (LA5)
N=136
ANGLE
(CM)
CKOSS-SECTUN 
(MB/SR)
ERROR
(MB/SR)
16.30 
20 .40
24.50
28.50 
32.cO 
36.70 
4 0 .70 
44.bO 
48 .90 
52 .90
57.00 
61 .00
65.00
69.10
75.10
61.10 
83.10 
86.90
93.20
97.20
4.19E+02 
1 . 30t+02 
5.30E+Ü1 
2 .77E + 01 
1.85E+01 
9 .76E+00 
4.77E+Ü0 
3.84E+00 
1.232+00 
9.95E-U1 
4.702-01 
2 .172-01 
6.642-02 
9.452-02 
4 .40E-0 2 
i .18E-02 
r.08E-ü2 
2 .50E-03 
9.00E-04
3.002-04
7.21E+00 
2 . 012-01 
1.62C+00 
i .312+00 
7.662-0 1 
3.922-01 
1.082-01 
i .682-01 
1.992-01 
5 . o3t-Ü2 
76E-02 
8 12-02 
942-05 
2 1 2 - 0 2  
832-03 
712-03 
85E-03 
842-04 
2CE-04
3.002-04
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C H A P T E R  h
Analysis of Elastic and Inelastic Scattering Angular Distributions 
Introduction
The data obtained from H^e scattering from the Samarium isotopes 
are analysed in terms of basically two nuclear structure models in 
this chapter.
The elastic scattering data are analysed in terms of the regular 
and reformulated optical models. The real discrete ambiguity problem 
in the former, and the ability to obtain unique values for the mean 
square radius of the matter distribution, and the mean square radius 
of the two-body effective interaction in the latter are discussed.
The inelastic elastic scattering data are analysed in terms 
of the collective model.
The Distorted Wave Born Approximation, in which the potential 
producing inelastic scattering is treated as a perturbation of the 
potential producing elastic scattering, is used to predict scatter­
ing to the 2^ and in some cases 3 levels of the nuclei, and 
these predictions are compared with experimental results. The Strong 
Coupling Approximation, in which the coupling of the low lying levels 
of the nucleus to the elastic scattering channel is taken into account 
explicitly, is also used to describe the elastic and inelastic scatter­
ing of helium-3 from Samarium isotopes.
U.1 Simple Optical Model Analysis
The H^e data shown in figs. I+.l and h,2 are interesting in so far 
that the cross-sections are so similar for all the isotopes, the
147
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K^ ,K8,i50,l52.lW3m(he^ hc^ )at 53 MeV
CROSS SECTIONS
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largest difference being between and . The envelope
of the cross-sections plotted as a ratio to the Rutherford 
cross-sections show an exponential decrease with angle.
The computer code RAROI/DP (Py OU) used for the simple and 
reformulated optical model analysis minimised the quantity
for the optical potential equation 2.1.i+. N is the number of
differential cross-sect"*on points ^exp^^i^ ’ each with error
Aa (0.) , to be compared with the theoretical values cr , (0.) . exp 1 "cn 1
The pareuneters extracted from this model were suitable for a D.W.B.A. 
analysis of the inelastic data. The programme corrects for the 
angular smearing, A9 , of the cross-sections, by smearing the 
theoretical differential cross-sections using the formula
A0
J^th^®) I a(0) d0 .-A0
2
The Coulomb potential was determined by fixing the Coulomb 
radius parameter, r^ to a value of 1.25 fin and assuming the 
nucleus to be a uniformly charged sphere.
U.1.1 Real Potential Ambiguities
The real potential ambiguities were examined by gridding over 
the real potential , keeping the real radius parameter r^^
fixed at 1.13 fm (Wo 09) and varying the parameters W^, a^ , r^ , a^  
until some convergence was reached. A typical grid over for
150
ISOgm is shown in fig. 4.3.
From these grids four potentials were extracted corresponding 
to real volume integrals of J /A.A of 240, 300, 400 andr\ I t
480 MeV fm^ nucl  ^ . These families corresponded to values in VR
initially of about 95, 135, 170 and 200 MeV.
Using these approximate values of , each isotope was analysed
by varying all the parameters to convergence. Initially no spin 
orbit potential was used, and the imaginary potential was just a 
derivative term which has been widely used in H^e scattering analysis. 
The search sequence was simply V^, W^, r^, a^ , a^  until convergence 
was reached. The fits obtained are shown in figs. 4.4 and 4.5 . 
Visibly all potential sets fit the data very well out to 90°, but 
then the strength of oscillations for one isotope increases as the 
potential becomes deeper. The shape of the Samarium 154 oscillations 
is very peculiar, but considerable difficulty was experienced in 
fitting the Samarium 154 data due to its lack of structure and 
limited angular range.
The parameters which were used to obtain these best fits are 
listed in table 4.1, which also lists the parameters obtained by 
Woollam (Wo 06) for the Samarium l44 analysis.
Measurements of alpha particle scattering (01 03) (Ea 02) and 
proton scattering (St 20) (Fu 6) for the even Samarium isotopes at 
50 MeV have been reported.
The alpha particle elastic scattering cross-sections were shown 
to be qualitatively different even for such close neighbours as 
^^®Sm (spherical) and ^^ ‘^Sm (deformed). The slope became steeper 
and the amplitude of the oscillations smaller for more deformed 
nuclei. This difference was explained by the stronger coupling to
151
Ci
•H
O» M  -H
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CD
Oo
ü'ig lirids over l'or data
with fg = 1.13 fm
k .
152
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Simple optical model fits to the 
elastic scattering
3 0 0 MeV fm^ n u c f^
 240 MeV fm^ nucl ^
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Fig 4.4 Simple Optical Model fits to^He elastic 
scattering from Samariup'iso topes •
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Simple optical model fits to the 
elc^tic Battering
  600 MeV fm^ nucl'^
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Sm 152
. Sm156
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Fig Simple Optical Model fits to ^He elastic
scattering from garoriuin isotopes
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Table 4.1
Optical model parameters for ^He scattering from Samarium 
isotopes.
All depths in MeV 
All lengths in fm 
All volume integrals in MeV fm ^
A fixed value of RR = 1.l^fm was used,
155
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excited states in the deformed nucleus.
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The e lastic  scattering of 50 M eV  alpha p a rtic le s  
fro m  sam arium  isotopes which span the spherica l 
(A  = 1481 to deform ed (A  = 154) region. Note the syste­
m atic  trend to weaker oscillations and steeper slope of 
the envelope of m axim a with increasing c o llec tiv ity . 
Solid lines a re  e lastic  optical model calculations of the 
cross section.
DIFFERENTIAL CROSS-SECTIONS 
FOR PROTON AND ALPHA PARTICLE 
ELASTIC SCATTERING (Wo 10)
(G1 03)
The proton elastic scattering cross-sections at 50.8 MeV (Fu 06) 
showed a difference in character from the alpha particle data, and 
even the l6 MeV proton data (St 20). There was no damping of the 
oscillations for the deformed nuclei; instead the oscillations were
157
more pronounced and the decrease of cross-section with angle was 
larger for the deformed nuclei.
This present work complements the work of Woollam et al (Wo 09) 
which studies the elastic scattering of 53.^ MeV H^e particles 
from l^^Sm .
In the work of Woollam (Wo 06) a discrete ambiguity was mentioned 
which gave rise to a series of wavefunctions identical outside hut 
having differing numbers of oscillations inside the nucleus. Because 
of the strong absorption present in H^e scattering, the oscillations 
in the cross-sections are typically heavily damped, and the decrease 
in cross-section at back angles is very large. This lack of struc­
ture impedes the fitting procedure, but this can be remedied to some 
extent by taking data to a large angular range. A comparison of H^e 
and alpha angular distributions shows that the damped structure in 
the former is not entirely due to Coulomb effects, but rather to the 
strong absorption occurring in the helium case which, because of the 
large binding energy, does not exist for alpha particle scattering.
It was shown by Ur one et al (Ur 02) that the optical potential 
was valid for scattering cross-sections which are so small at 
back-angles by considering a range of cross-section data at about 
37*7 MeV over a 1.3 MeV energy spread for a selection of targets. 
This data appears to show smooth variations with incident energy 
and target mass: necessary conditions for the validity of the
optical model.
The ambiguities in the real potentials are also to some extent 
solved by theoretical considerations (Ab 01) where an upper limit of 
three times the nucleon value for the H^e real optical potential 
has been derived. In fact, results show that for elastic scattering
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of H^e particles (Wo 09) and alpha particles (Ba 02) the real 
optical potential is always less than V^A where is the
real optical potential for proton elastic scattering (Wo 10) and 
A is the number of nucleons in the incident projectile. Thus, 
for example, Abul-Magd and El-Hadi obtained
V3Hg(r) = '^f>(r,p) ^ V^(r^) + %
where r.%» » H3 ^re position vectors of the constituent nucleons.
The calculations of Abul-Magd and El-Nadi suggest that a potential 
having three times the nucleon strength is most realistic. Similar 
conclusions about the discrete ambiguities have been reached by other 
authors (Gi 01) where the potential to use has been shown to be the 
one having slightly less than three times the nucleon value. Binding 
energy effects reduce this value. The nucleon potential should be 
calculated for nucleons having an energy of one-third the incident 
helion energy. From global paxameters (Be 05) the proton equivalent 
potential is 57-9 MeV . The helion potential should thus be about 
165 MeV . This then could correspond to potentials having a volume 
integral of either 300 MeV fm^  nucl~^ or UOO MeV fm^  nucl~^ in
the present work. Previous authors (Gi 01) have taken the
400 MeV fm^  nucl“  ^ family, but Woollam et aJL (Wo 06), and recently
Weisrose et al (We 03), have shown that the more realistic potential
family is the one having a volume integral of ^  300 MeV fm^  nucl“  ^ .
With particular reference to the optical model family ambiguity,
Fulmer and Hafele (Fu 09) claimed that they resolved the ambiguity
by taking high energy data. They concluded that the normalised
volume integral of the real potential at V 130 MeV is
J„/A.A, 330 MeV fm^  and J /A.A changes by ^ 100 MeV fm^  forB i t  K 1 o
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successive families. However, in the same work they demonstrate 
the A dependence of the optical model for helium-3 scattering, 
and suggest that decreases by 0.5 MeV fm^  per a.m.u. of
increasing atomic mass. Their crucial point is the ^^^Sm 
volume integral whose parameterisation is shown in table U.2. A 
re-analysis of this data at 59-8 MeV gives, however, the second 
set of parameters in this table, and if this point were plotted on 
the graph of Fulmer and Hafele, the indications would suggest that 
there was no A dependence at all.
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Woollam (Wo 06), using a value of real radius narameter r_^ ofb
1.13 fm and a value of real potential depth V^ of about 140 MeV , 
found that if grids were performed over r_ allowing Y to reach
A  A
a value to give a‘minimum » then, although large variations
occurred in r„ and V , only small variations were found in the r\ B
volume integrals. Thus the various potentials were unambiguously 
labelled by the values of the real integral.
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■ FULMER PRESENT
VR 100.8 138.6
RR 1.15 1.13
AR 0.919 0.858
Vffi 23.6 28.0
RD 1.26 1.226
AD 0.809 0.840
5.782 5.587
7.366 7.262
JR/A^A^ 261.76 335.43
JI/A^A^ 101.15 118.72
A % p  1-^4 ■
Table 4.2 Two analyses of the ^^^Sm(^He,^He)^^^Sm 
data at 59.8 MeV*
Depths in MeV; lengths in fm;
Volume Integrals in MeV fm ^
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A grid was performed over r^ allowing all other parameters 
to vary to convergence. This did not produce any well-defined 
value of r^  and hence a value of 1.13 fm corresponding to 
previous work was chosen. The ambiguities between and r^^
arise because three variables , r^ and a^ are used to describe 
a system having only two well determined quantities, and
4.1.2 The Imaginary Potential
The data of H^e scattering from Samarium lies considerably below 
the scattering from a pure Coulomb potential having a Saxon-Woods 
charge distribution in the region 40° < 0 < 90^ . This demonstrates 
the strong absorption occurring in this angular region which is to be 
accounted for by the imaginary part of the nuclear potential.
For all data sets, combinations of volume and surface absorption 
potentials were investigated, with coupled geometries. This might be 
expected to yield a better fit because of the introduction of an 
extra parameter in the simple optical model. However, it was found 
that the best fit was obtained when W.^  = 0 , and only a surface
imaginary term was considered. This has been found by previous authors
when analysing E^e scattering, showing that the incident H^e particle 
interacts only with the tail of the nuclear potential at 53 MeV. 
Although the helium-3 data pick out W^ 0 , W^ = 0 , the alpha data
is ambiguous in this respect and many analyses use f 0 and
Wjj = 0 .
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The surface imaginary term was found for each set of 
potential families and was found to increase corresponding to 
increasing values of for one particular isotope.
4.1.3 The Spin Orbit Potential
The fits shown in figs. 4.3 and 4.4. do not include spin orbit 
terms. Theoretical estimates (Ab 01) predict a spin-orbit well 
depth between 2 and 3 MeV for H^e, although many previous attempts 
to measure the strength of this interaction have suffered from 
serious ambiguities. Fulmer and Hafele (Fu 08) determined the 
spin-orbit term by performing parameter searches for H^e elastic 
scattering data at successive fixed values of V- . Resulting 
plots of A^/N vs V^  showed consistent minima for the 13 data 
sets used. The A^/N vs V^  plots for all the even mass targets 
had minima at values of V^  between 2.0 and 3.0 MeV . One of 
these data sets was H^e scattering off ^^^Sm at 59.8 MeV .
Woollam (Wo 06), however, decided that although he achieved a 
minimum A^/N for V^ at 2 MeV , the minimum was not well-defined 
and was probably only due to the inclusion of the three extra para­
meters Vg , r^  and a^  . The spin-orbit grids performed by these 
two authors are shown in fig. 4.6.
Cohler (Co 08) using the theoretical formulations of Abul-Magd 
and El-Nadi (Ab 01), and using the spin-orbit parameters obtained by 
Woollam (Wo 06) for proton scattering from Samarium l44, has 
calculated the spin-orbit form factor for helium-3 scattering from 
Samarium. l44. Fitting this form factor with a derivative Saxon-Woods 
form factor by varying the geometry parameters led to the following
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set of parameters:- = 2.07 MeV; r^  = I.O63 fm; = 0-926 fm . 
These form factors are sho'vm in fig. t.7.
With the present work, a grid performed over for values up
to 3 MeV gave a worse fit than that obtained for V^  = 0 . The 
need for good quality H^e polarisation data is evident, and an 
apparatus has been designed and built by Clarke (Cl 07) to measure 
this data by a double scattering technique.
h.2 Reformulated Optical Model Analysis
The reformulated optical model discussed in section 2.2 reforms 
the single optical model by obtaining the real parts of the potential 
from folding in nuclear matter distributions with the effective 
"nucleon-nucleon interaction". The real part can then be written as
with
Up = Vp I(r) / 1(0) It.2.1
I(r) = (rg) f^dr^ - r^ l) drg
where the effective nucleon-nucleon interaction is taken as a Yukawa 
shape, and the density distribution is a parameterised Saxon-Woods 
shape.
Assuming that the msr of the internucleon potential and the 
nuclear matter distribution will not depend on the incident particle, 
then for H^e scattering from the Samarium isotopes, we have
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where <r2>g^^ is the msr of the H^e particle. Under these 
conditions the msr of the H^e particle could he determined.
However, Woollam (Wo 06) decided there was little or no size 
dependence in helion scattering. Thus the relationship between 
the msr of the helion and the msr of the two-body potential 
cannot be uniquely determined, and hence a new quantity, the 
mean square radius of the overall two-body interaction, was defined
. <r2>a^  = + <r'>3He ' ^'2-3
Nuclear matter'parameters were obtained for proton scattering 
:I _
from the even Samai,ium isotopes. Initially, these matter distribution 
parameters were used and a grid was made over <r^>^ for ^^®Sm .
A neutron parameterisation obtained from proton analyses (Wo 06) was 
used (r^  = I.I86 fm, a^ = 0.768 fm) and a uniformly charged sphere 
of radius 1.25 fm was used to generate the Coulomb potential. A 
derivative absorption terr was used, and no spin-orbit potential 
included. Thus the only variables were V , ¥ , r^  and a . Thei\ U -L _L
grid over <r2>^ is shown in fig. U.8 where no well-defined minimum
occurs for <r%> .d
Subsequently grids were performed over <r^>^ allowing the 
neutron parameters to vary, to see if similar results to uhose of 
Woollam et al (Wo 06) could be obtained where a well-defined 
minimum was obtained by allowing variations of the reformulated opticai 
model parameters, including the matter distribution parameters, in a 
grid over <r2>^ .
The results shown for 1^ 8>150>1525^  ^ isotopes are shown in figs. 
I4.9, 4.10, 4.11 where very shallow, undefined minima occur. The 
fits obtained were very similar to those obtained from the simple
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produces a minimum
PP
optical model analysis. However, there is some doubt as to the
value of such an analysis since the values of <r^ > and <r^>,m d
may combine to give a value for <r^>^ , which produces a minimum 
in A^^ , but their values may not be meaningful, and it could be 
merely fortuitous that their combination gives an <r^>^ which
However, if these minima are accepted then the value for <r^>^ 
for ^^®Sm is^ 2.2 fm , whereas that obtained from the reformulated 
optical model analysis of proton elastic scattering from ^^®Sm 
yielded a value of <r^>^ = 2.1 fm . This seems to indicate from 
equation h.2.3 that, there is little or no size effect for helium-3.
I
This implies that some kind of saturation effect is not present for
helium-3, whereas it is necessary for heavy ions, see section 5*2.3.
The reformulated model Of Greenlees (Gr 08) has not in general
reproduced data as well as the simple optical model. It is now
thought that the simple parameterisation of the real potential as a
Yukawa or Gaussian force does not yield accurate representation of
the parameters involved, i.e. when fitting data with the reformulated
optical model, the parameters may adjust to give a minimum A.^  ^ , but
the parameters themselves are not necessarily meaningful.
The rms radius of the real potential in this model is given in
equation 4.2.2, where <rZ>3^ ^ is the msr -of the -He particle.
Thus the real potential is expected to have a msr larger than that
found from nucleon scattering, and the difference should enable the size
of the H^e particles to be determined. However, Woollam (Wo 06)
showed that no such size dependence could be determined. The question
has also arisen as to whether <r%> and <r^ > can be variedm CL
simultaneously to achieve any meaningful results.
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4.3 D.W.B.A. Analysis
The Distorted Wave Born Approximation was performed using the 
computer code DWCK (Ku 03) , which is applied to a distorted nucleus 
by assuming an axially symmetric non-spherical surface for the 
optical model given by
R(e) = Rq
The coupling between the ground state and the excited levels is assumed 
weak so that an expansion in terms of the distortion parameters g
L
becomes, for the first 2^ level.
V(r - R(9)) = V(r - R^ ) - Bg Y°(0) ^
where V(r - R^ ) is the optical potential for elastic scattering. The 
inelastic scattering is accounted for by the radial derivative of the 
elastic scattering optical potential.
The D.W.B.A. analysis was performed using the parameters shown in 
table 4.1 for the 200, 300 and 400 MeV fm^  families. The differential 
cross-sections produced by DWUCK are related to the data by equation 
2.5.2.
f  = C B^  a^ (0) .
Theoretical predictions were normalised to the experimental data 
to give the values of the deformation parameters. The fits thus obtained 
are shown in figs. 4.12 and 4.13, and the corresponding quadrupole and 
octupole deformation parameters are shown in table 4.3. The quality of 
the fits is very good, except in the extreme fonfard angle region where
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Table 4.^
The Quadrupole and Octupole Deformation Parameters obtained 
from D.V/*B,A* analysis using three sets of parameters from 
the Simple Optical Model analysis.
Quadrupole Deformation Parameters
-
A 0.099 0.136 0.169 0.287 0.369
B 0.075 0.128 0,176 0.276 0.367
C 0.095 0.137 0.168 0.277 0.380
Octupole Deformation Parameters
A 0.115 0.139 0.136
B 0.114 0.155 0.129
C 0.114 0.156 0.136
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the theory predicts oscillations hut the cross-sections increase.
This could be due.to a limitation of the programme for very heavy 
nuclei. The computer code DWUCK allows as many as 100 partial waves 
to be used. The back angle oscillations are in general not well 
fitted.
Table k.k compares the values obtained from previous
sources to those obtained from the present work. The values
were calculated from B(E2) values using equation 2.3.17, and 
assuming that
1
R = 1.25 .
The values given in this table compare well with those obtained in 
the present work.
The octupole deformation parameters obtained from the D.W.B.A. 
analysis seem to indicate that the 3 state of the ^^®Sm nucleus 
is more deformed than that for the ^^®Sm nucleus.
One of the major reasons for selecting the Samarium isotopes as a 
subject of study was an attempt to resolve the question concerning 
the status 5 vibrational or rotational, of the ^^^Sm isotope. Woo11am 
(Wo 10) in his proton elastic scattering analyses found that the data 
for and ^^^Sm showed a pronounced decrease of large angle
elastic scattering cross-section compared to that of *^^Sm and l^ S^m, 
and that the data of ^“®Sm was more like that of the heavier deformed 
Samarium isotopes than that of the lighter spherical Samarium isotopes.
In contrast, the angular distribution of inelastic scattering to the 
lowest 2^ level for ^^°Sm looked more like that of ^^®Sm than 
that of .
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Table 4.4
Comparison of values for different analyses.
A 144 148 150 152 154
DIVBA 0.057 - 0.108 0.146 0.260 0.523
SCA 0.055 0.107 0.139 0.262 0.294
(«,«') 0.11 0.257 0.279
(p,p') 0.12 0.250
B(E2) 0.132 0.179 0.277
DVfBA 0.073 0.128 0.176 0.276 0.367
a) (WolO)
b) (He03) (GI03)
c) (Bril)
d) (Ch05)
e) Present V/ork
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The alpha particle elastic scattering from the Samarium isotopes, 
however, only show a systematic trend to weaker oscillations and 
steeper slope of the envelope of maxima with increasing A number.
The data for the 2^ levels in the present work shows that the 
Samarium 150 data exhibits a similar property to the rotational nuclei 
in its tendency to decrease strongly in cross-section at backward angles, 
whilst the vibrational isotopes data oscillates about a less steep
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gradient. It is difficult to compare the elastic scattering data 
of the Samarium 150 to that of the rotational isotopes because of 
their lack of angular range, but nevertheless, the size of oscilla­
tions of the Samarium I50 data is more in the style of the 
vibrational nuclei than that of the rotational. This disagrees 
with the conclusions of Woollam etal. for proton scattering, but 
the evidence for ^^®Sm behaving in the same style as the vibrational 
Samarium isotopes is shown in its energy level structure.
4.4 The B.C.A. Analysis
The strong coupling approximation analyses were performed using 
the search code JUPITOR (Ta 02). Optical model parameters, for the 
elastic scattering and deformation parameters for each of the states 
being coupled to the ground state, were fed into this programme 
which then searched on any number of parameters. The convergence- of 
this search to a good minimum in chi-squared was very fast, generally 
after only one iteration, although the computing time for this was 
often quite long, ^ 30 minutes. However, the search routine was 
particularly sensitive to the starting values of the parameters. Due 
to the large amount of computing time involved some approximations 
had to be made. The method for fitting the data for the strong 
coupling approximation was therefore as follows.
Two sets of starting parameters were taken. Firstly, the optical 
model parameters which fitted the elastic scattering for each respect­
ive Samarium isotope, and secondly, the parameters obtained by '
Woollam (Wo 09) for the S.C.A. analysis of ‘^^‘^Sm (^He,^He) l^^Sm .
The quadrupole deformation parameter from the DWBA analysis was assumed.
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+and in the first instance the 2 level for each isotope was 
coupled to the ground state and the real and imaginary depths 
were searched upon. The 3 level, as well as the 2^ level, 
was then coupled to the ground state and, using the potential 
depths obtained from the previous search, the octupole deformation 
parameter, 3^  , vas varied until a good fit to the data was 
obtained.
The fits obtained from the method are shown in figs. U.lU, 4.15 
and 4.l6. No 3 data was available for the ^^^Sm and 
isotopes. The parameters which produced these fits are shown in 
table 4.5.
Before discussing the general trends of the parameters through­
out the isotopic range, the immediately noticeable peculiar effect 
is the ability to fit the ^^^Sm data with almost the optical model 
parameters. This is a direct contradiction of the work of Woollam, 
who found that the real and imaginary potentials were smaller and 
the real diffuseness parameter was much larger than those obtained 
from the simple optical model analyses. However, the other Samarium 
isotope’s data were fitted using the S.C.A. geometries found by 
Woollam.
The general trend of the real potential depth is to decrease 
with increasing target mass, whilst the imaginary depth remains at 
more or less a constant value, apart from the value of the surface 
absorption term for ^^^Sm .
It is expected that the absorption due to the coupling of the 
levels in the S.C.A. will be taken into account explicitly, and that 
the onl}'" absorption term will be that which is required to account for 
coupling to all the other levels which have not been considered. 
Comparison of the absorption depths in table 4.5 to those in table 4.1
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Table 4.^
Parameters obtained from S.C.A. analyses.
A 144 148 150 152 154
Coupling
Scheme 0+-2+--3” 0+-2+-3"■ 0+-2+-3" 0+-2+ 0*-2"
VR 141.1 126.12 121.29 113.9 85.6
WD 27.67 25.97 27.57 27.75 18.11
AR 0.802 0.682 0.682 0.682 0.682
AI 0 .8^2
w
1.006 1.006 1.006 1.006
RR 1.13 1.136 1.136 1.136 1.136
RI 1.185 1.080 1.080 1.030 1.080
Pa 0.073
0.128 0.176 0.276 0.367
P3 0.089 0.108 0.105
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for the 300 MeV potential family show that the numerical values 
of WD increase for the isotopes and
Glendenning et al (G1 03) in their S.C.A. treatment of alpha 
particle scattering from Samarium isotopes, found that a single 
potential gave rise to good fits to the elastic scattering data 
of all;the isotopes as long as the strongly collective states were 
treated explicitly. They claim that the expression for the optical 
potential can be split into two parts, consisting of the sum over 
non-collective states and the sum over the low-lying collective 
states which couple strongly to the ground state. Having thus taken 
these states explicitly into account they reason that the optical 
potential for the non-collective states should be constant over a 
wide mass range. Woollam (Wo 10) in his S.C.A. analysis of proton 
scattering from Samarium isotopes found that the parameters which 
best fitted the elastic scattering varied very slightly, and there 
were no general trends of increasing or decreasing depths through 
the isotope range. One of the features of both these analyses was 
that the S.C.A. analysis of the rotational nuclei considered both 
the 2'*’ and states, and in the case of Glendenning et al. the 6'*' 
state, as strongly collective states, whereas in the present analysis 
only data for the 2^ state was available.
The present analysis, therefore, actually agrees with the work 
of Glendenning et al (G1 03) who found that the single optical potential 
which fitted the elastic scattering from the Samarium isotopes when the 
coupled channels were included, was very similar to the optical potential 
which just described the elastic scattering from a vibrational nucleus. 
However, the real potential depth for rotational isotopes which did not 
take into account the coupled channels was half that of this single 
potential, although the imaginary depth was almost the same as that of 
the single potential.
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Therefore it seems that failure to include all the strongly 
coupled channels in the rotational isotopes' S.C.A. analysis yields 
smaller real potential depths.
From table 1+.5 the 3^  value for the ^^®Sm isotope is similar 
to that for the ^^®Sm isotope. The D.W.B.A. predictions gave 
greater octupole deformation parameters for ^^®Sm than for ^^^Sm . 
The fits to the 3 data obtained from the S.C.A. analysis show that 
the size of the oscillations decrease with increasing target mass.
The shapes of the angular distributions of the ^^®Sm and ^^^Sm 
data and theoretical fits are extremely similar, which seems to 
confirm the conclusion of section 4.3, where the ^^^Sm isotope was 
concluded to behave more like a vibrational isotope than a rotational 
isotope.
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C H A P T E R  5
The Microscopic Optical Model
Introduction
This chapter presents the results of the analyses of helium-3 
scattering from Samarium isotopes in terms of the three parameter 
^He-nucleus optical, model developed by Sinha, Duggan and Griffiths 
(si 15), and the nucleus-nucleus model developed by Sinha (Si 13)
(Si 16).
The real and imaginary form factors were produced from both
models and used to fit the data. Np spin-orbit forces were used. The
^He-nucleus three-parameter model produced poor fits to the data, and
the reason for this is discussed in terms of the effective interaction
used and the method for reformulating the nucleon microscopic optical
potential to a composite particle microscopic optical potential. The
J
validity of the estimation of the second-o:Ader real term is also 
discussed. \
The nucleus-nucleus model is much more successful in fitting the 
data and shows clearly the need for saturation effects when considering 
the scattering of composite particles. This model, which does not 
estimate any second-order real term, also displays the problems assoc­
iated with the discrete ambiguities found in the simple optical model 
analysis.
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5•1 The H^e - 3~parameter Model
This model, whose theory is developed in section 2.2, folds 
a Kuo-Brown effective interaction (Ku 04) with the target nuclear 
density to produce first and second order real terms and an imaginary 
potential, using the frivolous model approach for a proton potential.
The Kuo-Brown interaction has been used to fit proton scattering data 
(Si 10). The test of the Samaddar et al. (Sa Ol) calculation of the 
optical potential of a composite projectile as a function of the optical 
potentials of its constituent nucleons has not yet been performed 
adequately.
The proton and neutron density distributions were calculated 
from the parameters obtained from reformulated optical model analyses 
(Gr 08) of proton scattering from the Samarium isotopes (Wo 06), where 
these densities have a Saxon-Woods shape and are normalised to the 
central density using the expressions
i
Z,N = J  Pp^n(r) d^r
and
hence
Z.H
"O T, n " nucleons ftn-3 .
Densities obtained from shell model calculations (Ho 07) were also used 
in the calculations for Samarium lUU , although these did not prove to 
be a crucial factor in the analysis.
The H^e - 3-parameter model calculates the direct interaction 
due to the Kuo-Brown force for protons and neutrons, and adds the
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exchange term due to antisymraetrisation of the nucleons in the nucleus. 
The real and imaginary form factors for a helium-3 nucleus are then 
produced. The potentials obtained for the "two proton" part of the 
helium-3 projectile are shown in fig. 5-I- The ^He-nucleus model uses 
a Blin-Stoyle prescription (B1 10) to calculate the spin-orbit form 
factor. However, since the phenomenological analysis of the helium-3 
scattering from the Samarium isotopes showed little evidence for the 
need of a spin orbit force, no spin orbit force was included in these 
analyses.
The microscopic real and imaginary form factors generated by 
the H^e - 3-parameter model are shown in figs. 5-2 and 5*3. It is seen 
that the imaginary depth increases with increasing A number, and 
that the real depth does likewise apart from ^^^Sm . An interesting 
feature of the shape of the imaginary potentials is that they show a 
volume absorption shape, as opposed to the surface shape obtained from 
the phenomenological optical model analysis.
A comparison of the potentials generated from the microscopic 
optical model for using both the densities obtained from the
reformulated optical model analysis of the proton data, and those 
obtained from shell model calculations, and the potentials obtained from 
a simple phenomenological optical model analysis are shown in figs. 5*4 
and 5.5. The volume integrals per particle pair, integrated numeric­
ally, and the mean square radii of the real potential calculated from 
the form factors are presented in table 5.1. The volume integral for 
the real part shows no change with increasing A number, although the 
volume integrals of the imaginary part as well as the mean square radii 
of real and imaginary terms increase slightly with increasing A number. 
A particularly interesting feature of fig. 5.4 is the fact that all the
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REAL IMAGINARY
Jl/A .A^ < ^ 3
406.0 35.4 179.9 42.8
148s. . 406.31 35.35 180.1 42.6
406.27 36.3 182.5 43.3
152s. 406.32 36.3 184.26 43.6
154sm 405.8 37.5 189.0 44.8
Table 3.1
Table showing volume integrals per particle pair and the mean 
square radius of the real and imaginary potentials obtained 
from the ^He-3 parameter model
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form factors cross over at a nuclear radius of 5-8 fm . Phenomeno- 
logically the radius of the ^^^Sm isotope was Pi = r A = 5 • 8 fm .
It is well-known that potentials that produce similar scattering 
cross-sections for strongly absorbed particles have to be similar near 
the strong absorption radius. The potentials shown in figs. 5.U and 
5.5 are plotted on logarithmic scales to emphasise their differences.
The real and imaginary potentials obtained from the 
H^e - 3-parameter model were read into an amended version of RAROliP 
which read extemal form factors instead of generating its own 
Saxcn-Wcods form factors. The depths of the real and imaginary poten­
tials were allowed to vary, and fits to the data were obtained as shown 
in fig. 5.6, where the data is clearly fitted to 90° but peculiar 
effects occur at backward angles. To some extent, a poor fit at backward 
angles is expected since the model assumes a frivolous model approach, 
i.e. the absorption arises entirely from the forward angle scattering 
amplitude. However, it was shown by substituting a conventional
imaginary' potential that the backward angle problem was not caused by
Î
the assumptions of the frivolous model, but by some inherent feature
I
of the real potential shape. The interesting feature about these fits
is that the real depth decreased to about 50 MeV , with a real volume
integral per particle pair of 110 MeV fm^  . Fig. 4.3 shows that there
is a deep chi-squared minimum corresponding to a real central depth of
50 MeV . This serious ambiguity problem could not be resolved by anj*-
adjustment of the depth parameters.
In order to investigate the effects of the microscopic form-factor
shape, a Saxon-Woods form factor was produced whose shape was almost
identical to the microscopic form factor. This was achieved by plotting 
V
Iogg('^ (V) ~ against r in fig. 5.7, where f(r) is the microscopic 
form factor and V^ the central depth of that form factor. For a
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Saxon-Woods form factor,
and hence the graphs for in fig. 5-T shov that the surface
region of the microscopic form factors do to some extent follow a 
Saxon-Woods shape. The value of the diffuseness parameter, a , was 
obtained from the gradient of the graph. The value of R obtained 
from the graph, and that obtained from the formula,
<r^ > = 0.6 + l.U TT^ a^
1/.
agreed very well and hence the radius parameter r = R/A ^ was 
determined. These parameters were then submitted to a computer 
programme, written by the author, which varied these values of r and 
a , until the Saxon-Woods form factor produced best fitted the micro­
scopic form factor. The best reproduction of the microscopic form 
factor for the ‘^^‘^Sm isotope is shown in fig. 5*8 and the parameters 
which best reproduced the microscopic form factors of the other 
isotopes are shown in table 5*2.
The motivation behind this procedure to reproduce the micro­
scopic form factors by Saxon-Woods form factors is that the shape of 
the microscopic form factor can now be investigated. The Saxon-Woois 
parameters were used in the ordinary computer code RAROMP (Py OU) 
to generate fits to the data. A typical fit for ^^^Sm is shown in 
fig. 5.9- These fits could not be improved upon by any significant 
amount by varying the imaginary potential parameters, fig. 5.10, and 
even a phenomenological surface imaginary or volume imaginary term 
made very little difference to the fit obtained. When the geometry
200
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Effect of 
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Effect of
varying
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imaginary
geometry
parameters
VR 182.7
RR 1.006 1.368
AR 1.211 0 .566 0.877
tfV 62.2 51.34
RV 1.111 1 .270
AV 1.125 0 .84 1
.
VR 183.8
RR 1.026 1.296
AR 1.112 0 .64 8 0 .73 0
wv 63.8 49.42
HV 1.15 1.336
AV 1.129 0 .96 3
VR 183.6
RR 1.037 0.638
AR 1.161 1.028 0.743
WV 64.3 46.21
RV ' 1.2 1.177
AV 1.143 1.043
VR 184.7 -
RR 1.056 0.566 \ •
AR 1.183 1.028 0 .772
WV 64.9 373.76
RV 1.17 1 .109
AV 1.205 1.105
VR 181.5 £ *
RR 1.125 0 .91 1
AR 1.111 0.960 0 .68 2
WV 64.9 2 46 .5
RV 1.23 0.953 '
AV 1.052
-
1 .300
Table 5.2
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parameters of the real depth were allowed to vary, good fits to the 
data were obtained, fig. 5.11, but the effect was for the diffuseness 
parameter to be reduced. A better fit, fig. 5.12, was obtained by- 
allowing the real diffuseness parameter and the imaginary geometry 
parameters to var%T. The resultant parameters used to obtain the fits 
to the data as shown in figs. 5.9, 5.10, 5.11 and 5.12 are shovm in 
table 5.2.
The effect on the shape of the microscopic potential of allow­
ing these parameters to vary is shovm in figs. 5.13 and 5.1^ .
Particularly noticeable, when the real diffuseness and imaginary geometry 
parameters were allowed to vary, was the sharpening of the real form 
factor by the reduction of the real diffuseness parameter.
The conclusion to be drawn ^ rom this investigation was that 
the density distribution was satisfactory, but that the model produced 
much too diffuse a potential to fit the experimental, data. This wrong 
shape for the real potential was also included in the imaginary potential, 
which is derived from the real potential.
It was observed that at low energies (< 30 MeV) the 3-parameter
1.
model worked well, but at 50 and 80 MeV the discrepancies became 
increasingly evident (We 02). This led to the belief that the model 
should be improved in the way in which it handled the density depend­
ence of the effective interaction. Higher energy particles penetrate 
deeper and saturation effects are more important. This was borne out 
by analysis using the nucleus-nucleus model which, though being less of 
a microscopic description, nevertheless includes saturation in terms 
of the density of the incident particle.
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5.2 The Nucleus-Nucleus Model
The basic theoretical development of this model has been given 
in 2.2.3. The model itself, developed by Sinha (Si 13), possesses the 
interesting quality that the one-body optical potential for the target 
nucleus may be evaluated for a particular nucleus without reference- to 
any particular projectile.
The computational techniques used to calculate the nucleus-nucleus 
optical potential fall into two parts. The first section calculates the 
three components of the one-body optical potential U^(t) , i.e.
U 2^ and , before folding with the projectile matter distribution.
Once this has been done for a particular nucleus, these values may be 
used to calculate the optical potential for any incident projectile.
The second part folds the matter density of the projectile into these 
three components, thus producing the nucleus-nucleus optical potential.
5.2.1 The Helium-3 Projectile
The values of the three components of the one-body optical 
potential for before folding with a projectile matter distrib­
ution are shown in fig. 5.15. The magnitude of relative to
is unimportant here, since is reduced by the effect of folding in
the projectile matter distribution. N.B. the actual components of 
U^(t) are 2.2.50
210
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However, it can be seen that the sign of opposite to that of
indicating the reduction in the one-body optical potential arising 
from the density-dependent part of the two-body interaction. V^p
m2 _2
is usually negative, so that the component behaves as a small
attractive potential. Folding in these equations with the helium-3
projectile density, assumed to be a Gaussian shape (Sc OU) with a
mean square radius of 3.5 fm^ gave the optical potential for the
l^^Sm (^He, H^e) reaction.
Figs. 5.4 and 5«5 also compare the shape of the real and 
imaginary form factors respectively, to those obtained using the 
^He - 3 parameter model. It is of particular interest to notice that
I
the central depth of 'the real term is ‘*^130 MeV , which compares with 
the phenomenological value. The volume integrals per particle pair 
and mean square radii of the real and imaginary terms are sho;m in 
table 5-3. Fig. 5-5 shows that although the imaginary term calculated 
using the frivolous model is predominantly volume in shape, it does 
have a slight surface peak. Saxon-Woods shapes were used as in the 
previous section to represent the microscopic form-factors, and the data 
for the l^^Sm (^He, ^He) ^^^Sm was fitted allo-tring the imaginary term 
to vary. Fig. 5*16 shows that the fit is good, with an imaginary" central 
depth of 57 MeV . Since the helium-3 particles only sarnie the tail 
of the nuclear potential it is unlikely that the volume shape for the 
imaginary potential produced by this model is relevant. In all proba­
bility, the increase in the imaginary depth was caused by an attempt to 
adjust the surface peak of the nucleus-nucleus potential to the shape 
of the phenomenological potential. To test this idea the nucleus-nucleus 
imaginary potential was set at 0 MeV for nuclear radii r where 
0 < r < 6 fm . A similar effect was noticed, that the imaginary poten­
tial was increased to ^60 MeV .
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r e a l  i m a g i n a r y
Jjj/AiA^  Jj/A.A^ <r2>.
(^He.^He)■
«2 . 8  39.5 133.5 44.8
at 53.4 MeV
('*He,'*He)
382.12 39.3 132.4 44.7
at 50.0 MeV
Table 5.3
Table showing the volume integrals per particle pair and the 
mean square radius of the real and imaginary potentials 
obtained from the Kucleus-Nucleus model for the ^^^Sm target.
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The success of the nucleus-nucleus model and its applicability 
to heavier ions leads to its use to fit alpha data.
5.2.2 The Alnha Projectile
The projectile density distribution for an alpha particle was 
approximated by assuming it to be a Saxon-V/oods phenomenological 
distribution (Ba OU).
The real and imaginary form factors for alpha particle scatter­
ing from are shown in fig. 5.IT where there is a well-pronounced
surface peak in the imaginary term. The volume integrals per particle 
pair, and the mean square radii of the real and imaginary terms are 
shown in table 5.3.
The simple optical model parameters from the analyses of alpha 
scattering from Samarium isotopes at 50 MeV (Ba 02) (G1 03) were used 
to reproduce the cross-section data, which was then compared with the 
theoretical predictions obtained by feeding the microscopic real and 
imaginary form factors into an amended version of RAROMP and varying 
just the real central depths. The features of the simple optical 
model analyses is that Barker and Hiebert obtain a real central depth of 
185.0 MeV for ^^ *^ Sm (^He, ^He) at 50 MeV, whilst Glendenning et al 
obtained a real central depth of 65.5 MeV for ^^^SmC^^He, ^He) at 
50 MeV.
Although the fitting of the alpha data suffered from a lack of 
partial waves, the real central depth of the microscopic real poten­
tial was able to fit the data reproduced from the simple optical model 
analyses by either increasing to ‘v.lBO MeV or decreasing to 60 MeV , 
with a correspondingly large increase in the microscopic imaginary
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central depth.
The potentials generated from the model still suffer from the 
discrete ambiguity problem, but the saturation effects are well 
taken care of by this model.
5.2.3 Heavier Ion Projectiles
Friedman et al (Fr 05) have performed and ^^0 scatter­
ing from ISZgm and ^^^Sm respectively at II8 MeV and 130 MeV 
and analysed the results in terms of the optical model and phase 
shift models. Real and imaginary form factors were produced for 
152sm(12c, and ^^^Sm(^^0 , lGQ)152g^ and the real terms
of these together with those for % e  and ^He are presented in 
fig, 5.18, where the solid line represents the form factor produced 
by inclusion of the second component of the one-body optical potential 
called the saturation term, and the dashed line represents the 
form factor obtained by omitting this term. Immediately obvious is 
the fact that the real central depths of the form factors without
the saturation term is eoual to A x V where A is the number of
P P P
nucleons in the incident projectile, and V^ is the real central 
depth for proton scattering from Samarium isotopes -v 50 MeV (Wo 06). 
However, this graph shows quite clearly that inclusion of the saturation 
term produces a ncteable reduction of the real central depth and the 
difference between that with the saturation term and that without it 
increases with increasing projectile mass. The interesting effect, 
also shoifn by Sinha (Si 13), is the small difference for the ^He 
incident projectile between the optical potential obtained with and
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that obtained without the saturation term. This indicates the 
same conclusion as the conclusion obtained in section U.2 , i.e. 
that saturation effects are not so important for ^He.
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C H A P T E R  6
Conclusions
6.1 Summary
The elastic scattering and inelastic scattering of ^He ions to 
the lowest levels of and at 53.U MeV and ^^^Sm
and at 53.1 MeV have been measured. The data at 53.^ MeV
were obtained on the Variable Energy Cyclotron, Harwell, where a 
high beam intensity permitted the data to be taken to a large angular 
range (10° - 150°). The need to separate the first 2^ state at 
82 keV from the elastic scattering to the ground state necessitated 
the use of the Oak Ridge Isochronous Cyclotron, Tennessee, where the 
spectrograph gave high resolution but a lower beam intensity, only 
permitting data to be taken to 100° . This lack of back angle data 
for the rotational isotopes impeded some of the analyses which were 
performed.
The data completes the series of data of proton scattering at 
50.8 MeV from the five even stable Samarium isotopes (Wo 10), proton 
inelastic scattering at 30 MeV (La 02) from ^^^Sm, ^He scattering 
at 53.k MeV from ^^^Sm (Wo 09), alpha scattering at 50 MeV from 
l^^Sm (Ba 02), and from the remaining four even stable Samarium 
isotopes at 50 MeV (G1 03) (He 03) (Ha 02) . Apart from these data 
for light ion scattering from Samarium isotopes, Friedman (Fr 05) has 
measured ^^C and ^^0 scattering from ^^^Sm and ^^‘^Sm isotopes 
at 118 MeV and 130 MeV .
The properties of the Samarium isotopes have been investigated, 
particularly within the context of the data now available. The 
increasing deformation with increasing target mass has been investi-
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gated and the role of as a vibrational or rotational
isotope has been studied.
6.2 The Elastic Scattering Analysis
The data for helium-3 elastic scattering from a range of 
Samarium isotopes has been used to test the A and N-Z depend­
ence of the optical model, and also to test the reformulations of 
the optical model which replace the phenomenological optical 
potential with a potential obtained from folding the basic 
nucleon-nucleon two-body effective interaction into the target 
density.
The helium-3 scattering from Samarium isotopes at 53 MeV did
not give a unique potential family, but the family corresponding to
V„ ^  135 MeV and J„/A A /vx 300 MeV fm^ per nucleon fitted theK p t
data as well as any other potential family. The potential families 
themselves occurred at intervals of 70 MeV fm^ , corresponding to
an increase in V^ of 30 MeV from one family to the next. The 
root mean square radius of the real potential for all the families 
considered was fairly constant, ranging from 5.3 to 5.6 fm for 
all isotopes.
The isotope sequence was fitted with little variation of parameters, 
and without imposing any N-Z dependence on the parameters. The 
diffuseness parameter for all isotopes, except Samarium ikk , was larger 
than that obtained by Woollam in his simple optical model analysis of 
helium-3 scattering from Samarium 1^^. The final values for the 
diffuseness and other parameters from these phenomenological analyses 
were very similar to the final parameters obtained by Woollam (Wo 09) 
in his S.C.A. analysis of the helium-3 scattering from Samarium ikk.
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The range of volume integrals within the preferred family was 
310-330 MeV fm^ . This is the family preferred-from the analysis 
of helium-3 scattering from ^®Ni and ^^Fe at higher energies.
At lower energies ^  30 MeV the correct volume integral to use 
has not yet been determined. Polarisation experiments are currently 
being performed to determine the spin-orbit depth for helium-3 
interactions at 30 MeV and 50 MeV , and these results should 
enable an unambiguous volume integral to be obtained for these lower 
energies. It will be interesting to*see if the volume integral for 
higher energies is also the correct one to use at lower energies. 
Although previous calculations (Fu 08) (Co 08) have predicted that 
there should be a spin orbit potential of between 2 MeV and 
3 MeV , it was found that the inclusion of a spin orbit term into the 
single optical model calculations did not improve the fit but rather 
worsened it. The need for good quality polarisation data for helium-3 
is apparent.
Recent analyses of proton scattering from Samarium (Wo 10) and 
alpha particle scattering from Samarium (Ba 02) have used volume 
absorption terms, with smaller surface absorption terms in the case 
of the proton scattering. Nevertheless, no combination of volume 
and surface, or volume absorption term alone, gave a better fit than 
using a purely surface absorption term. This can be interpreted in 
terms of the greater penetrating power of protons compared with ^He 
at a given energy. The use of a volume absorption potential for 
alpha particles is governed more by tradition than reason as only 
the tail of the potential is of importance in this case.
There was little A or N-Z dependence exhibited in the real 
volume integral over the small mass range of the Samarium isotopes.
Moreover, in the wider context of the A dependence of the optical 
model for helium-3 scattering as performed by Fulmer and Hafele 
(Fu 09)j the volume integral 330 MeV fm^ is seen to vary
negligibly over the range of isotopes G^Ni (Fu 09) to ^^^Sm 
(present work) for helium-3 scattering at 50 MeV . The N-Z and 
A dependences are certainly not observable over isotope sequences.
The isospin potential problem needs (p,n) or (^He,t) measure­
ments or comparison of ^He and t or p and n elastic scatter­
ing. However, intense n and t beams are difficult to obtain.
The elastic scattering data fitted with the 330 MeV fm^ family 
showed increasing oscillations with increasing A number, but the 
^SOgm isotope oscillations were more in the style of the vibrational 
nuclei than that of the rotational nuclei. The need for backward
angle data for the and isotopes is evident in order
to make any detailed comparisons of the structure of the 
cross-sections. The largest difference between any set of 
cross-sections seems to occur between the ^^^Sm and ^^®Sm isotopes. 
This is puzzling, and has certainly not been the case for proton 
scattering and alpha particle scattering.
The three reformulations of the optical model which were tested 
were the Greenlees reformulation (Gr 08), in which the nucleon-nucleon 
force is represented by a Yukawa shape, and the density of the target 
nucleus is parametrised using a Saxon Woods shape. The % e  - 3-parameter 
model (si 15) uses a Kuo-Brown effective interaction folded into a 
target density which was obtained from shell model calculations, or 
taken from the Greenlees reformulation analyses. The helium-3 
incident projectile as opposed to a single nucleon as projectile is 
taken into account using the Samaddar et al (Sa 01) formalism. The 
nucleus-nucleus model (Si 13) is a so-called double folding model in
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which the Kallio-Kolveit interaction is folded with the target 
density, which is then folded with the incident projectile density. 
The particular virtue of this model is the self-consistent approach 
to the calculation of the elastic scattering of any nucleus from 
any nucleus. Unlike the previous model it neglects the anti- 
symmetrisation of the incident nucleons with respect to the target 
nucleons, and does not attempt to calculate a second-order term for 
the real potential.
The reformulated model due to Greenlees was found by Woollam 
(Wo 07) in his analysis of the elastic scattering of protons on 
to give unique values for the mean square radius of the 
effective interaction and the matter distribution parameterisation, 
although no other analyses have given similar results. In this 
present work it has been found that when gridding over <r^>^ , the 
m.s.r. of the effective interaction, and allowing the matter distri­
bution to vary, a minimum in chi-squared space occurs for <r^>^ =
2.2 fms , If, however, the matter parameterisation, as obtained by 
Woollam, is used in this analysis and a grid performed over <r^>| , 
then no minimum is found. From the relation.
one might assume that it should be possible to determine the mean 
square radius of the helium-3. However, the analysis of the proton 
scattering data yielded a value of <r%>^ of 2.1 fm . This present 
analysis suggests a value of 2.2 fm and hence there appears to be no 
helium-3 size dependence in this model. Our studies with the inclusion 
of the saturation term in the effective interaction shows that the 
reason for this effect could be that the repulsive effect of saturation
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reduces the size of the potential and compensates for the increase 
in the size of the potential by the size of the helion. This 
emphasises that the simple folding procedure covers some important 
physical features in its approximation.
The ^He - 3-parameter model produced real and imaginary form 
factors, the real being the sum of first and second-order terms, and 
the imaginary calculated according to the frivolous model, i.e. the 
absorption is due to the forward angle scattering amplitude. These 
form factors were used to fit the Samarium data and were found to 
produce poor fits.- The question then is whether the effective 
interaction is inadequate to explain this situation, or whether the 
Samaddar et al (Sa 01) approach to the optical potential for the 
elastic scattering of ^He calculated in terms of the optical potentials 
of nucleons forming the projectile is inadequate. The Kuo-Brown 
interaction has been used in the microscopic optical model analyses 
of the elastic scattering of protons from other nuclei with great 
success. Representing the form-factors obtained from this model by 
Saxon-Wood shapes, and putting their respective parameters into the 
standard optical model code RAROMP (Py 04) enabled the shape of the 
form factors to be investigated. Variation of the parameters led to 
the conclusion that the shape of the real term was too diffuse, 
although some sharpening of the imaginary term was also needed in 
order to obtain a good fit. The imaginary term calculated by the 
^He - 3-parameter model has a volume shape as opposed to the surface 
term used in the phenomenological analyses. The results of varying 
the Saxon-Woods parameters, which best represent the imaginary form 
factor produced by this model, until a good fit was obtained to the 
data, was to obtain a shape which in the surface region followed the 
shape of the phenomenological imaginary term. In the 3-parameter 
model the imaginary potential"is derived from the real potential so
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the too diffuse shape of the real potential is also reflected in 
the wrong shape for the imaginary potential. It is interesting that 
similar microscopic calculations performed hy Rook also produce a 
potential with too diffuse a surface. This may well be due to the 
formulation of the second-order terms which play an increasingly 
important role as the projectile mass increases.
The nucleus-nucleus model was used to predict elastic scattering 
cross-sections of helium-3 scattering from Samarium isotopes. The 
real and imaginary form factors obtained from this model were used 
to fit the data varying only the potential depth’s scaling parameter.
A good fit was obtained, but with an imaginary depth larger than 
expected. However, the shape of this imaginary form factor was 
predominantly volume, with a small surface peak. The increase of the 
imaginary depth could then be accounted for by assuming that the depth 
had been adjusted until the tail of the imaginary potential followed 
the expected surface shape.
The nucleus-nucleus model was also used to calculate the real and 
imaginary form factors of the elastic scattering of alpha particles 
from Samarium lUU. In this case the imaginary term was still 
predominantly volume, but with a much larger surface peak. It was 
found that the discrete ambiguity problem was unresolved since the 
microscopic form factor was able to reproduce alpha data by adjusting 
the real central depth scaling parameter until the real central depth 
was either - 60 MeV or 170 MeV .
Calculations of the real form factor for and ^^0 elastic
scattering from Samarium isotopes have shown the need to include the 
saturation term (Si 13). The computer programme RAROMP which was 
used for the elastic scattering optical model fits had a maximum of 
50 partial waves available. However, in order to analyse l^O 
scattering from ^^^Sm at 130 MeV , a programme with the facilities 
for about 200 partial waves is needed. This saturation term increases
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in magnitude with increasing A of the incident projectile. The 
saturation term for the incident projectile helium-3 is very small, 
and the physical interpretation of this can be linked to the concl­
usion from the reformulated optical model due to Greenlees (Gr 08), 
i.e. that the helium-3 particle has a small size effect.
No N-Z, A or L.S dependence vas observable from the elastic 
scattering from the isotopic sequence of Samarium isotopes, but the 
energy dependence has been explained by the exchange term in the 
microscopic optical model. These reformulated models including 
saturation use helium-3 and alpha data as testing ground and predict 
heav^  ^ion potentials. However, these models do run into difficulties 
due to the importance of the second-order term as the projectile 
gets larger. The results presented in this thesis demonstrate these 
limitations.
A wide angular range of detailed cross-sections is vital to 
further work, which would require various particles scattering from 
Samarium isotopes over a range of energies. This work has shown that 
conclusions from single measurements can be misleading.
6.3 The Inelastic Scattering Analysis
The inelastic scattering data was fitted very well with three 
potential families having real volume integrals of 2^0, 300 and 
iiOO MeV fm^ , in the D.W.B.A. The 3 values derived from these 
calculations for the 2^ levels increased as was expected for 
increasing A number, and these values compared favourably with 
previous results. Contrary to the elastic scattering data, the
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angular distribution for the isotope shows a marked simi­
larity to the rotational isotopes as opposed to-the vibrational 
isotopes. This was exactly the opposite effect noticed by Woollam 
(Wo 10) in his analysis of proton scattering from Samarium nuclei. 
However, the similar level structures of the and
ISOSm isotopes suggest that the ^^^Sm is vibrational in structure. 
The need for higher energy data to a large angular range is apparent. 
The effect of the ^^®Sm isotope behaving in some cases like a 
vibrational nucleus, and in others like a rotational nucleus, is to 
some extent further resolved by the S.C.A. analysis of inelastic 
scattering to the 3~ state. Here the shapes of the angular 
distributions of the data and the theoretical predictions for ^^®Sm 
and ^^®Sm are extremely similar. The general similarity of 
cross-sectional shapes is therefore not entirely a reliable guide to 
the character of target nuclei and more attention should be taken of 
excitation energies and distortion parameters.
The D.W.B.A. calculations for the 2 and 3 states have 
predicted the data very well for all the families concerned. However, 
these calculations have not provided a critical test of the D.W.B.A., 
and this would probably be provided by D.W.B.A. analysis of the pickup 
reaction, ^He, a, for the Samarium isotopes. Such an analysis was 
performed by Woollam and Griffiths (Wo 08) for the ^^*^Sm(^He,^He)^‘^^Sm 
reaction where the apparent failure of the D.W.B.A. to describe the 
£ = 0 transition strength in this reaction was discussed. They 
concluded that the discrepancy was due to the failure of the D.W.B.A. 
to account for this transition because it has a large momentum 
mismatch.
The strong coupling approximation calculations were performed with 
the computer code JUPITOR , but the problem of computing time prevented
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a thorough analysis of all the data to be performed. The fits to 
the data showed definite interesting trends, particularly the 
decreasing value of the real central depth with increasing A 
number. The work of Glendenning et al (G1 03) suggested that if 
all the low lying collective states were explicitly included in 
the S.C.A. analysis, then isotopes over a wide mass range could all 
be fitted with the same potential set. The parameters describing 
these potentials were similar to those parameters which described 
the elastic scattering only of the vibrational nuclei. They showed 
a need to include 2^, and 6^ states in the rotational nuclei- 
S.C.A. analysis, and that failure to do so resulted in a much smaller 
real central depth for these isotopes. Since in this analysis only 
data to the 2^ level was available, it was expected that the real 
central depths should show a decrease with increasing A number, 
and this in fact is the case. Moreover, one would also expect a smaller 
value for the absorption depth in the S.C.A. analysis than for the 
simple optical model analysis since the low lying collective states 
which contribute strongly to absorption from the elastic scattering 
channels have been explicitly included in the calculations. This in 
general is also the case for the present analysis. The fits to the 
data from the Strong Coupling analysis are very good.
6,h Conclusion
In this work the ambiguity problem for helium-3 particles has been 
investigated and partially resolved. The simple optical model analyses 
show that four potential families give equally good fits to the data, 
including the two favoured families 300 and 1+00 MeV fm^ (Fu 09) (Ca 01 )
The microscopic optical model analyses give volume integrals per 
particle pair of 1+00 MeV fm^ for ^He scattering from the Samarium 
isotopes. No evidence was found for the use of a spin-orhit term 
and a surface imaginary term yielded a much better fit than did a 
volume imaginary term, as was found by previous authors (We 02)
(Wo 09).
A helium-3 potential has been formulated by folding the target 
density into a two-body effective interaction, and using the 
Samaddar et al. approach (Sa 01). The resulting real and imaginary 
form factors have been used to fit the data but the diffuseness, 
particularly of the real term, has been shown to- be too large. The 
nucleus-nucleus model has been used to show that the saturation 
properties of heavy nuclei need to be included in an optical model 
calculation.
Open questions which still remain in optical, model analyses are 
the energy dependence, and N-Z or A dependence and the correct 
shape for the microscopic potentials. The need for experimental data 
with heavy ions to test the nucleus-nucleus model is apparent. Good 
quality heliimi-3 data extending to backward angles on a range of 
isotopes, with even and odd nuclei between A = 50 to A = TO has 
been obtained by Birmingham University and should enable any N-Z,
N, A or N-Z/A dependence to be determined accurately. The spin 
orbit potential for helium-3 particles needs to be fixed by good 
quality polarisation experiments, now being actively performed at 
Birmingham University and Kipg's College London. The optical model 
should reproduce the gross features of nuclei. The resolution of the 
discrete and continuous ambiguities in the real and imaginary poten­
tials , the correct spin orbit force and the exact dependence of the 
potentials on various combinations of N, Z • and A will enable an
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accurate macroscopic prescription to be obtained. The future 
optical model must also include saturation for heavy ions and 
exchange for energy dependence. When a complete microscopic 
description is possible then the linking of the optical macroscopic 
potential with the effective nucleon-nucleon force will go a long 
way towards developing a comprehensive theory of the nuclei. This 
investigation has demonstrated that helium-3 and alpha beams produce 
a wealth of information in their interactions with nuclei. Many of 
the features of heavy ion reactions, such as Coulomb/nuclear interference, 
polarisation and target spin effects and coupling between elastic and 
inelastic scattering are dramatically apparent for the first time 
in helium-3 and alpha interactions. A complete understanding of 
the comprehensive information obtained in these studies will provide 
a sound basis for future studies with heavier ion beams.
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